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Introduction 


The  objective  of  the  proposed  research  program  is  to  develop  a  novel  new  class  of 
anti-tumor  agents  that  will,  in  effect,  turn  the  enzymes  that  normally  confer  resistance  to 
anticancer  drugs  into  “drug  factories”  inside  breast  cancer  cells.  The  proposed  anti-tumor 
agents  do  not  specifically  target  rapidly  dividing  cells  and,  therefore,  might  not  exhibit 
the  side  effects  so  commonly  associated  with  cancer  chemotherapy.  The  proposed  agents 
are  cyclic  N-hydroxycarbamates  that  will  capitalize  on  differences  in  the  activities  of 
glutathione  (GSH)-dependent  enzymes  between  normal  cells  and  cancer  cells  in  order  to 
generate  high  levels  of  selective  tumoricidal  activity.  Specifically,  the  carbamates  are 
designed  to  function  as  cell-permeable  substrates  for  the  p-isoform  of  glutathione 
transferase  (hGSTPl-1).  The  resulting  N-hydroxycarbamoyl  esters  of  GSH  are  predicted 
to  serve  both  as  powerful  mechanism-based  competitive  inhibitors  of  the  detoxifying 
enzyme  glyoxalase  I  (Glxl),  and  as  slow  substrates  for  the  thioester  hydrolase  glyoxalase 
II  (GlxII).  The  hypothesis  that  the  JtGST  substrates  will  selectively  inhibit  the  growth  of 
breast  tumor  cells  versus  normal  cells  is  founded  on  three  observations.  First,  Glxl  plays 
a  critical  detoxification  role  in  cells  by  converting  the  metabolite  methylglyoxal  to 
nontoxic  D-lactate.  Therefore,  inhibitors  of  Glxl  should  inhibit  cells  by  causing  the  build¬ 
up  of  intracellular  methylglyoxal.  Second,  GST  is  often  expressed  at  higher  levels  in 
human  breast  tumors  than  in  peritumoral  tissues.  This  is  particularly  true  of  cells 
exhibiting  the  multi-drug  resistance  phenotype.  Thus,  the  Glxl  inhibitors  should  be 
generated  more  rapidly  in  tumor  cells  exposed  to  the  GST  substrates. 

During  the  course  of  these  studies,  we  discovered  that  the  known  antitumor  agent  2- 
crotonyloxymethyl-2-cyclohexenone  (COMC-6)  also  belongs  to  this  class  of  compounds 
in  a  very  unsuspected  way.  This  compound  and  its  homologues  are  the  focus  of  the  third 
year  progress  report  given  below.  The  original  aims  of  this  project  were  as  follows:  (1.) 
To  synthesize  and  test  cyclic  compounds  of  the  following  general  type  as  substrates  for 
JtGST:  YCON(OH)R,  where  Y  equals  different  leaving  groups  and  R  equals  different 
alkyl  or  aryl  substituents.  (2.)  To  determine  the  competitive  inhibition  constants  of  the 
resultant  GSH-conjugates  (GSCON(OH)R)  with  Glxl  and  the  kinetic  properties  of  the 
conjugates  as  substrates  for  GlxII.  (3.)  To  determine  the  rates  at  which  YCON(OH)R 
diffuse  into  MCF7  human  breast  cancer  cells  and  Ad/  MCF7  cells  (over-expressing 
hGSTPl-1),  and  form  Glxl  inhibitors  of  the  type  GSCON(OH)R.  (4.)  To  measure  the 
efflux  rates  of  GSCON(OH)R  from  MCF7  and  Ad/  MCF7  cells.  (5.)  To  evaluate  the 
IC50S  of  YCON(OH)R  with  MCF7  and  Ad/  MCF7  cells  for  comparison  with  the 
intracellular  concentrations  of  GSCON(OH)R  with  these  cell  lines. 
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Body 


I  Overview:  The  “ overview  ”  section  of  this  final  progress  report  briefly  describing  the 
work  accomplished  over  the  course  of  this  three  year  project.  The  “ detailed  account ” 
section  is  designed  for  those  interested  in  the  technical  aspects  of  our  work. 

During  years  1  and  2  of  this  project,  we  have  accomplished  tasks  1  and  2  related  to 
the  synthesis  and  testing  of  compounds  that  serve  as  substrates  for  glutathione 
transferase,  producing  as  products  tight-binding  inhibitors  of  the  methylglyoxal 
detoxifying  enzyme  glyoxalase  I: 

Task  1.  (completedVTo  identify  substrates  for  glutathione  transferase  (GST)  that  give  as 
products  inhibitors  of  glyoxalase  L 

Task  2,  (completed):To  determine  the  competitive  inhibition  constants  of  the  resulting 
products  of  the  GST  reaction  as  inhibitors  of  glyoxalase  I  and  as  substrates  for  glyoxalase 
II. 


Published  papers  describing  this  work  can  be  found  in  Appendix  I  (papers  1  and  2). 
This  work  provides  the  experimental  and  conceptual  foundation  for  a  fresh  approach  to 
inhibiting  breast  tumors  that  exhibit  the  multi-drug  resistance  phenotype. 

At  the  end  of  the  first  year’s  work  we  also  asked  and  received  approval  to  pursue  an 
additional  task  that  arose  from  a  collaboration  between  this  laboratory  and  Professor 
Bruce  Ganem’s  laboratory  at  Cornell  University.  This  task  is  related  to  accomplished 
tasks  1  and  2  and  expands  the  number  of  compound  we  are  testing  for  tumoricidal 
activity  against  breast  cancer: 

Task  5  (completed):  To  evaluate  die  antitumor  agent  2-crotonyloxymethyl-2- 
cyclohexenone  (COMC-6)  as  a  substrate  for  GST,  producing  as  a  product  a  glutathione 
adduct  that  is  an  inhibitor  of  glyoxalase  L 

Papers  describing  this  work  may  be  found  in  Appendix  I  (papers  3-8).  In  the  Pi’s 
judgment,  this  is  some  of  the  most  important  work  to  come  out  of  the  second  and  third 
year  of  this  research  program,  because  these  studies  overturn  the  accepted  view  that  the 
antitumor  activity  of  COMC-6  is  exclusively  due  to  inhibition  of  glyoxalase  I.  Rather,  the 
antitumor  activity  of  COMC-6,  and  compounds  like  it,  most  likely  arise  primarily  from 
the  formation  of  a  highly  reactive  exocyclic  enone  that  is  formed  during  the  GST- 
catalyzed  conversion  of  COMC-6  to  its  corresponding  glutathione  adduct  We  believe 
that  cytotoxicity  arises  from  the  covalent  modification  of  cellular  nucleic  acids  and/or 
proteins  by  the  exocyclic  enone.  So  What?  This  implies  that  breast  tumor  cells  that  over- 
express  GST,  as  part  of  the  multi  drug  resistance  phenotype,  will  be  particularly  sensitive 
to  COMC-6  in  comparison  to  peritumoral  tissue  that  expresses  low  levels  of  GST.  In 
addition  to  the  compounds  described  in  the  original  proposal,  we  will  also  test  the 
selective  tumoricidal  activity  of  COMC-6  in  vitro  in  collaboration  with  Dr.  Eiseman. 
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In  the  third  year,  we  have  further  evaluated  the  molecular  basis  of  the  ability  of  GST 
to  catalyze  the  conversion  of  COMC-6  to  a  reactive  exocyclic  enone,  on  the  basis  of 
molecular  docking  studies  between  the  GSH  adduct  of  COMC-6  and  human  GST 
(hGSTPl-l).  Moreover,  we  have  established  that  the  exocyclic  enone  can  alkylate  model 
oligonucleotides,  the  likely  basis  of  the  antitumor  activity  of  COMC-6.  We  have  also 
published  a  preliminary  study  of  the  membrane  transport  properties  and  tumoricidal 
activities  of  COMC-6  and  two  homolgues  of  COMC.  This  work  is  related  to 
accomplishing  tasks  3  and  4,  given  in  the  original  research  proposal: 

Task  3.  (completed):  To  measure  the  influx  and  efflux  rates  of  the  GST  substrates  with 
breast  cancer  cells. 

Task  4.  (partially  completed!:  To  evaluate  the  IC50  values  of  the  GST  substrates  with 
breast  cancer  cells. 

We  continue  to  work  on  task  4  aimed  at  evaluating  the  differential  toxicities  of 
COMC-6  derivatives  toward  MCF-7  breast  tumors  that  over  express  or  under  express 
hGSTPl-l.  We  have  applied  for  and  received  a  one-vear  extension  of  this  project,  to 
complete  these  studies.  This  should  take  about  3  months.  We  will  then  file  a  supplement 
to  our  final  report  describing  the  results  of  these  studies.  This  work  is  being  done  in 
collaboration  with  Dr.  Julie  Eiseman  at  the  University  of  Pittsburgh  Cancer  Center,  as 
originally  planned. 

II.  Detailed  accomt.  In  the  third  year  of  this  three  year  project  we  have  further 
evaluated  the  hypothesis  that  the  known  tumoricidal  activities  of  COMC-6  is  due,  in  part, 
to  its  glutathione  transferase  (GST)-catalyzed  conversion  to  a  highly  reactive  exocyclic 
enone,  which  kill  cells  by  reacting  with  intracellular  proteins  and/or  nucleic  acids, 

Eqn.  1. 


o 


where  GSH  =  glutathione  (y-Glu-Cys-Gly);  Nu:  =  nucleophiles  (DNA,  proteins) 

If  correct,  compounds  of  this  type  might  show  exceptionally  high  levels  of  tumoricidal 
activity  against  tumor  cells  overexpressing  GST,  as  part  of  the  multi-drug  resisitance 
phenotype.  Table  1. 

The  above  hypothesis  emerged  from  our  recent  discovery  that  COMC-6  is  an 
excellent  substrate  for  hGSTPl-l  and  forms  covalent  adducts  with  model  dinucleotides 
according  to  Eqn  1. 
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Table  1.  Altered  GST  Expression  in  Drug-Resistant  and  Drug-Sensitive  Cell  Lines 


Drug 

Adriamycin 

Adriamycin 

Adriamycin 

Adriamycin 

Adriamycin 

Adriamycin 

Arsenic 

BCNU 

Bleomycin 

CDNB 

Chlorambncil 

Chlorambucil 

Chlorambucil 

Cisplatin 

Cydophospham 

EA 

EA 

Efoposide  (VP-1 

Hepstittam 

Hepsulfam 

Melphalan 

Me)phafan 

Mitomycin  C 

Mitoxantrone 

MNNG 

Novantrone 

Oxazaphosphori 

TGF-pl 

Vincristine 

Vincristine 


Fold 

Resistance 

CeH  tine 

Cross-resistance 

100 

MCF-7  human  breast  (Adr1) 

Actinomydn  D,  vinblastine 

32 

H69AR  human  smafl  cell  lung 

Colchicine,  daunomyctn 

75 

SW620-ADR  human  colon 

Actinomydn  D,  pufomydn 

13 

Friend  erythroteukemia  (ARN2) 

Mitoxanthrone,  vincristine,  VP-16 

64 

P388  murine  leukemia 

ns 

200 

MatB 13762  rat  mammary  (Adr) 

Vincristine 

g 

SA7  Chinese  hamster  ovary 

ns 

3.5 

9L  rat  gliosarcoma  (9L  2) 

CNDP 

0.03 

Chinese  hamster  ovary  (BL-10) 

ns 

3 

H322  human  lung  (CDNB') 

CuOOH 

15 

Walker  256  rat  mammary 

phosphoramide  mustard 

24 

Chinese  hamster  ovary  (CHO-ChP) 

Mechtorefhamine.  melphalan 

>10 

Mouse  fibroblast  3T3  (N50-4) 

ns 

16 

HeLa  human  cervix  (HeLaCPR) 

ns 

19 

Yoshida  rat  sarcoma  (YR  eyefo) 

Phosphoramide  mustard 

2,5 

MCF-7  human  breast  (EA‘) 

ns 

2 

HT  29  human  coton  (HT/M) 

ns 

14 

MCF-7  human  breast  (VP6E) 

Vincristine 

10 

MCF-7  human  breast 

Adriamycin 

3 

Hs578T  human  breast 

ns 

17 

HS-Sultan  human  plasma  ceH 

ns 

10 

MatB 13762  rat  mammary(MlnO 

BCNU,  ionizing  radiation 

4,5 

SCaBER  human  bladder 

ns 

200 

Caco-2  human  coton 

ns 

ns 

Rat  fiver  endothelial  ceBs  (GP9TA) 

Adriamycin 

5 

MCF-7  human  breast  (NOV6E) 

ns 

6 

MCF-7  human  breast  (MCF/HC) 

ns 

ns 

WB-F344  rat  liver  epithelial  cells 

Adriamycin,  melphalan 

3 

MCF-7  human  breast  (VCR6E) 

VP-16 

11 

MCF-7  human  breast  (VCREMS) 

Adriamycin,  VP-16 

Changes  in  GST 

45-fold  increase  in  hGSTPI 
10-fold  increase  in  hGSTPt 
2-toW  increase  in  hGSTPI 
>10- fold  increase  in  mGSTAI  or  A2 

2- 2-fold  increase  in  mGSTPI 

5- foM  increase  in  rGSTA3  and  PI 
Levels  of  GSTP1  correlate  with  resistance 
>2-fokt  increase  in  rGSTMt  or  M2 
Sensitivity  normalized  by  hGSTAl 
>10-fofd  increase  »n  hGSTAl  and  A2 

>1 0-fold  increase  in  rGSTA3 

>10  told  increase  in  hamster  GST  Yc 

> ID-fold  increase  in  alpha  class  GST 

6- fold  increase  in  hGSTAl  and  A2 
6-fokl  increase  in  COMB  activity 

>  10-fdd  increase  in  mu-class  GST 

3- fold  increase  in  hGSTPI  mRNA 
>l0-fold  increase  in  hGSTPI 
>10-fold  increase  in  hGSTPI 

Levels  of  hGSTPI  correlate  with  resistance 

1. 5-fold  increase  in  hGSTPI 

10-fold  increase  in  rGSTA3  and  Pi 

5-fofd  increase  in  hGSTPI 

>6-foid  increases  in  hGSTPI,  A1,  and  A2 

10-fokJ  increase  in  rGSTPt 

>10-fokf  increase  in  hGSTPI 

2.7-fold  increase  in  GST 

1. 5-fold  increase  in  CDNB  activity 

>10- fold  increase  m  hGSTPI 

>10-fold  increase  in  hGSTPI 


Taken  from:  Hayes,  D.  and  Pulford,  D.  J.  (1995),  Crit  Rev.  in  Bioch.  Mol.  Biol.  30, 445- 
600.  Most  cell  lines  were  derived  by  in  vitro  selection.  BCNU,  1,3-Bis  2-chloroethyl-l- 
nitrosourea;  CNDP,  2-[3-(Chloroethyl)-3-nitrosoureido]-D-dioxygIucopyranose;  ns,  not 
stated,  VP-16,  etoposide;  CuOOH,  cumene  hydroperoxide;  EA,  ethacrynic  acid. 

A.  Inhibition  of  elvoxalase  I  bv  the  glutathione  fGSH)  adduct  of  COMC-6  is  unlikely 
to  account  for  the  cytotoxicity  of  COMC-6  IJoseph  et  al„  (2000  at:  Joseph  et  al..  (2000  b) 
Appendix  II.  Previous  workers  have  long  thought  that  the  antitumor  activity  of  COMC-6 
was  due  to  inhibition  of  glyoxalase  I  by  the  GSH  adduct  of  COMC-6,  resulting  in  the 
build  up  of  cytotoxic  methylglyoxal  in  tumor  cells.  Indeed,  we  have  demonstrated  that 
transition  state  analog  inhibitors  of  glyoxalase  I  retard  the  growth  of  both  murine  and 
human  tumors  in  culture.1  The  Ki  values  with  human  glyoxalase  I  are  in  the 
submicromolar  concentration  range.  In  addition,  the  IC50  values  are  approximately 
proportional  to  the  Kj  values,  such  that  a  relatively  weak  enzyme  inhibitor  with  a  Ki  = 
0.16  pM  gives  an  IC50  value  >100  pM.  On  this  basis,  COMC-6  should  exhibit  very  poor 
potency,  because  the  corresponding  GSH  conjugate  is  a  weak  inhibitor  of  the  enzyme  (Ki 
=  106  pM).  This  is  contrary  to  reported  IC50  values  in  the  range  0.5-19  pM  for 
established  murine  and  human  tumor  cell  lines.2  We  have  confirmed  in  our  laboratories 
that  COMC-6  is  indeed  a  very  potent  inhibitor  of  B16  melanotic  melanoma  in  culture 
(IC50  =  0.04  pM),  Fig.  1. 
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Fig.  1.  Growth  inhibition  of  B1 6  cells  in  the  presence  oj  COMC-6  and  GSMC-6(Et)z . 
Methods:  B16  (2  x  10*  cells)  were  plated  in  24  well  plates  containing  RPMI 1640/10% 
bovine  calf  serum,  10  pg/ml  gentamicin  and  incubated  at  37° C  under  an  atmosphere  of 
5%  CO2  and  95%  humidified  air.  Drug  was  added  at  the  indicated  concentrations.  After 
72  h,  cells  were  trypsinized,  concentrated  and  counted  by  trypan  blue  exclusion  using  a 
hemocytometer.  IC50  values  are  the  mean  ±  standard  deviation  of  triplicate 
determinations  carried  out  in  3  separate  assays  on  different  days.  IC50  values  were 
calculated  using  the  Hill  equat  ion  and  the  program  Adapt. 

Moreover,  when  the  GSH  conjugate  of  COMC-6  is  indirectly  delivered  into  B16  cells 
as  the  [glycyl,  glutamyl]  diethyl  ester  GSMC-6  (Et>2  (a  prodrug  strategy  developed  in 
this  laboratory)1  there  is  little  inhibition  of  cell  growth  (ICso>  400  juM),  Fig.l.  This 
suggests  that  cytotoxicity  does  not  arise  simply  from  the  presence  of  the  conjugate  inside 
the  cells,  but  must  be  due  either  to  unconjugated  COMC-6  or  to  a  reactive  intermediate 
formed  during  conjugate  addition  of  GSH  to  COMC-6. 

B.  The  Reaction  of  COMC-6  with  GSH  Involves  the  Formation  of  a  Reactive 
Intermediate,  on  the  Basis  of  Kinetic  Measurements  and  Chemical  Trapping  Experiments 
[Hamilton  et  al.  (20021  Appendix  II.  A  variety  of  mechanisms  have  been  proposed  to 
account  for  the  reaction  of  COMC  with  GSH.  On  paper,  the  simplest  mechanism  is  a 
direct,  Sn2  displacement  of  the  crotonate  ester  by  the  nucleophilic  thiol  of  GSH. 
However,  carboxylic  esters  are  only  moderate  leaving  groups,  and  the  a,P-unsaturated 
enone  system  would  be  expected  to  undergo  much  more  rapid  conjugate  addition 
reactions  with  thiols.  Thus,  a  stepwise  1,4-addition/p-elimination  mechanism  can  be 
envisioned  in  which  GSH  first  adds  to  the  endocyclic  enone  function  of  COMC-6  via 
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enolate  1  to  form  an  intermediate  exocyclic  enone  2.  The  exocyclic  enone  then 
subsequently  reacts  with  another  molecule  of  GSH  to  give  the  endocyclic  enone  3 
(Scheme  1).  Exocyclic  enones  like  2  are  particularly  reactive  Michael  acceptors,  and 
could  function  as  carcinostatic  agents  by  reacting  with  nucleic  acids  and  proteins  critical 
to  cell  function. 


Scheme  1 


3  GSMC-6 


Kinetic  studies.  Experimentally,  the  reaction  of  excess  GSH  with  la  to  give  le  follows  a 
simple  first-order  decay  with  no  evidence  of  any  intermediate  (Fig.  2,  trace  A): 


Fig.  2.  Time  course  for  the  loss 
of  COMC.-6  (0.05  mM)  in  the 
presence  of  GSH  (0.81  mM)  (A) 
in  the  absence  of  GST  (k  = 
0.0514  ±  0.0002  min1)  and  (B) 
in  the  presence  of  1.6  units  of 
GST  (kj  =  0.641  ±0.019  min1;  k2 
-  0.315  ±  0.015  min1)  and  (C) 
0.8  units  of  GST  (kt  =  0.451  ± 
0.0063  min1;  k2  =  0.135  ±0.010 
min1).  Different  end-point 
absorbances  are  due  to  different 
background  absorbances  of 
enzyme  protein.  Conditions: 
phosphate  buffer  (0.05  M),  pH 
6.5, 25  °C 
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Nevertheless,  this  observation  would  still  be  consistent  with  the  mechanism  shown  in 
Scheme  1,  provided  that  the  formation  of  the  exocyclic  enone  is  rate  determining. 

During  the  course  of  these  studies,  we  made  the  chance  observation  that  in  the 
presence  of  human  placental  glutathione  transferase  (pi-GST)  the  rate  of  conversion  of 
COMC-6  to  GSMC-6  is  composed  of  a  rapid,  enzyme-dependent,  initial  phase  and  a 
slower  enzyme-independent  first-order  phase  (Fig.  4,  traces  B  and  C).  This  can  be 
explained  in  terms  of  the  mechanism  shown  in  Scheme  1,  wherein  pi-GST  catalyzes  the 
rapid  formation  of  exocyclic  enone  2,  which  subsequently  reacts  with  free  GSH  in 
solution  to  give  GSMC-6.  The  shape  of  the  kinetic  trace  indicates  that  the  molar 
absorptivity  of  2  is  less  than  that  of  GSMC-6. 

Intermediate  trapping.  In  order  to  confirm  that  the  exocyclic  enone  is  the  immediate 
product  of  catalysis,  file  transferase  reaction  was  carried  out  in  the  presence  of  equimolar 
amounts  of  GSH  and  cysteine,  and  the  ratio  of  the  two  thiol  addition  products 
determined  by  reverse-phase  HPLC,  Scheme  2. 


Scheme  2 


Judging  from  the  ratio  of  first-order  rate  constants  for  the  enzymic  and  nonenzymic 
processes,  the  amount  of  enzyme-derived  product  formed  in  the  enzyme-catalyzed 
pathway  was  estimated  to  be  about  90  percent  of  the  total  product  yield.  Moreover,  the 
interconversion  of  thiol  adducts  proved  minimal:  in  the  presence  of  cysteine  (2.5  mM), 
glutathione  adduct  GSMC-6  (0.5  mM)  formed  less  than  1%  of  the  cysteine  adduct  over 
27  h,  as  determined  by  HPLC.  Thus,  the  product  ratio  observed  in  the  enzymic  reaction 
must  reflect  the  true  relative  rates  of  reaction  of  2  with  GSH  and  cysteine.  If  the 
exocyclic  enone  2  dissociates  from  the  surface  of  the  enzyme  and  reacts  with  the  free 
thiols  in  solution,  the  product  ratios  for  the  enzymic  and  nonenzymic  processes  should  be 
identical,  as  was  observed  to  be  the  case. 

Isolation  of  the  exocyclic  enone  2.  The  chemical  identity  of  the  intermediate  was 
confirmed  by  briefly  incubating  COMC-6  in  the  presence  of  GSH  and  GST,  quenching 
the  reaction  mixture  in  dilute  acetic  acid,  and  resolving  the  components  by  reverse-phase 
HPLC,  as  shown  in  Fig.  3. 
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Fig.  3.  Elution  profile  from  a  reverse-phase  HPLC  column  of  a  reaction  mixture  40 
seconds  after  combining  GSH  (  0.5  mM),  GST,  and  COMC-6  (0.1  mM)  in  0.1  M 
phosphate  buffer  pH  6.5.  The  peak  at  21  min  corresponds  to  the  the  GSH  adduct  GSMC- 
6,  the  peak  at  20. 1  min  is  tentatively  identified  as  the  exocyclic  enone  2,  and  the  peak  at 
14.4  min.  is  crotonic  acid.  Running  solvent:  5%  methanol  in  water  containing  0.5%  acetic 
acid. 

The  compound  corresponding  to  the  20. 1  min  peak  is  identified  to  be  the  exocyclic  enone 
2.  When  neutralized  and  combined  with  cysteine,  this  compound  gives  a  new  peak  in  the 
chromatogram  that  comigrates  with  authentic  cysteine  adduct.  Moreover,  the  first  order 
rate  constant  leading  to  GSMC-6  is  similar  in  magnitude  to  that  associated  with  the  slow 
phase  of  the  transferase-catalyzed  conversion  of  COMC-6  to  GSMC-6,  Fig.  2.  The  600 
MHz  1 H  NMR  spectrum  of  the  putative  intermediate  species  is  consistent  with  exocyclic 
enone  2,  Fig.  4. 
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Fig.  4  The  600  MHz  JNMR  spectrum  of  the  putative  exocyclic  enone  2  corresponding  to 
the  20. 1  min  peak  in  the  HPLC  elution  profile  of  Figure  3.  The  resonance  at  7. 16  ppm  is 
due  to  the  presence  of  adduct  GSMC-6.  The  other  resonances  in  the  spectrum  are  those 
expected  for  S-substituted  GSH  derivatives5. 

The  vinyl  proton  resonances  at  5.76  and  5.29  ppm  are  characteristic  of  geminal  vinylic 
hydrogens,  and  are  consistent  with  published  NMR  spectra  of  several  closely  related 
exocyclic  a-methylene  cyclohexanones.6 


C.  Model  building  of  GSMC-6  into  the  X-rav  crystal  structure  of  hGSTPl-1  (Hamilton 
et  al.(2002L  Appendix  I).  Working  in  collaboration  with  Ken  Houk  at  the  University  of 
California,  Los  Angeles,  we  have  recently  completed  model  building  studies  designed  to 
give  greater  insight  into  the  mechanism  by  which  hGSTPl-1  catalyzes  the  conversion  of 
COMC-6  to  the  GSH  adduct  GSMC-6.  In  order  to  test  the  reliability  of  the  AutoDock 
program,  the  GSH  adduct  of  ethacrynic  acid  (GS-EA)  was  docked  back  into  the  binding 
pockets  observed  in  the  X-ray  crystal  structure  and  compared  with  the  lowest  energy 
binding  mode  of  GS-EA  using  AutoDock,  Fig.  5. 
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Fig.  5.  Comparison  of  the  structure  of  GS-EA  derived  from  (a)  the  published  X-ray 
structure  of  GS-EA  in  complex  hGSTPI-1  and  (b)  docking  of  GS-EA  into  the  active  site  of 
hGSTPl-1. 


The  similarity  of  the  modes  of  binding  determined  by  x-ray  crystallography  versus 
computational  modeling,  indicates  that  AutoDock  should  reliably  reproduce  the  binding 
modes  of  GSH  conjugates  in  the  active  site. 

Indeed,  useful  information  was  obtained  from  docking  studies  with  the  two 
diastereomeric  enolates,  which  result  from  addition  of  GSH  to  the  2si-3re  face  or  to  the 
2re-3si  face  of  COMC-6,  Chart  1. 

Chart  1 


Glutathione 


The  diastereomers  were  first  constructed  in  Macromodel  7. 1  and  then  docked  into  3GSS. 
The  structure  of  the  glutathionyl  function  was  taken  from  the  crystal  structure  and  kept 
rigid  during  docking,  as  GSH  has  about  the  same  conformation  bound  to  different  pi  class 
transferases.3  Therefore,  only  three  rotatable  bonds  were  allowed  to  change:  one  between 
the  crotonate  ether  oxygen  and  the  neighboring  methylene  C,  one  between  the  methylene 
C  and  the  adjacent  ring  C,  and  the  one  between  the  glutathionyl  S  and  the  adjacent  ring 
C.  The  results  are  shown  in  Fig.  6  and  agree  best  with  an  anti-addition-elimination 


mechanism  involving  the  formation  of  the  3-(R)  enolate,  given  that  this  structure  is  about 
1  Kcal  more  stable  than  that  of  the  bound  3-(S)  diastereomer. 


Figure.  6.  Lowest-energy  binding  modes  of  the  (a)  3-R  and  (b)  3-S  diastereomers  of  the 
enolates  shown  in  Chart  l  bound  to  the  active  sites  ofhGSTPl-I. 


The  docking  studies  are  consistent  with  a  mechanism  in  which  Tyr  106  plays  an 
electrophilic  role  in  the  catalyzed  conversion  of  COMC-6  to  the  exocyclic  enone  2.  This 
is  similar  to  the  mechanism  previously  proposed  for  the  catalyzed  addition  of  GSH  to 
ethacrynic  acid,  as  shown  diagrammatically  in  Fig  7. 


Fig.  7.  Proposed  reaction  mechanisms  for  glutathione  transferase-catalyzed 
formation  of  the  adducts  between  (A)  GSH  and  ethacrynic  acid  3  and  (B)  GSH  and 
COMC-6. 


11 


D.  Mass  spectral  studies  indicate  thatCOMC-6  alkylates  oligonucleotides  in  vitro  fZhang 
et  al.  (20021  Appendix  11.  In  principle,  the  cytotoxicity  of  the  substituted  endocyclic 
enones  could  result  from  alkylation  of  DNA  and/or  proteins  critical  to  cell  function. 
Working  in  collaboration  with  Dan  Fabre’s  laboratory  at  UMBC,  the  formation  in  vitro  of 
a  reactive  glutathionyl  exocyclic  enone  intermediate  from  COMC-6  and  its  ability  to 
produce  adducts  with  nucleic  acids  has  been  confirmed  by  direct  mass  spectrometric 
analysis  of  the  reaction  mixtures.  Direct  infusion  electrospray  ionization  with  an  ion 
cyclotron  resonance  (ICR)  analyzer  was  employed  to  identify  the  products  of  the  in  vitro 
reaction  of  COMC  with  GSH  and  with  dinucleotides  and  oligonucleotides. 


For  a  reaction  mixture  containing  COMC-6  and  GSH,  protonated  ions  corresponding 
to  the  species  shown  in  Scheme  3  (Nu1=Nu2=GSH)  were  detected  in  the  positive  ion 
mode  (Figure  8). 

Scheme  3 
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Fig  8.  Positive  ion  mode  ESI  FT-MS  spectrum  of  the  product 
mixture  initially  composed  of  COMC  and  GSH  in  the  presence  of 
L2  units  human  glutathione-S-transferase,  under  the  conditions 
given  in  the  text. 


kclo  fautorner 


Adduct  2,  either  as  the  enol-  or  keto-tautomer,  gave  a  weak,  but  recognizable,  signal. 
This  species  presumably  precedes  the  formation  of  the  exocyclic  enone  3. 

In  order  to  assess  the  reactivity  of  COMC-6  with  nucleic  acids,  COMC-6  and  GSH 
were  incubated  in  the  presence  of  ribo-dinucleotides  of  different  base  composition.  The 
products  of  the  reaction  with  guanosylyl(3’-5’)adenosine  (GA)  are  shown  in  Figure  9.  As 
expected  species  2,  3/5,  and  4  (with  Nui=Nu2=GSH)  are  readily  recognizable  in  the 
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reaction  mixture  analyzed  in  positive  ion  mode  (Figure  2 A).  However,  only  weak  signals 
could  be  detected  for  protonated  GA  and  GA-adducts. 


100-1 


[GSH+H]+ 


A 


Figure  9.  (A)  Positive  ion  and  (B)  negative  ion 
mode  ESI  FT-MS  spectra  of  the  product  mixture 
initially  composed  of  COMC,  GA  and  GSH. 
The  abbreviation  “hex”  indicates  the  alkylating 
2-methylene-2-cyclohexenone  groups. 
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A  more  favorable  signal-to-noise  ratio  was  obtained  in  negative  ion  mode  (Figure  9B), 
due  to  the  negatively  charged  phosphate  of  the  nucleotide  function. 

In  order  to  identify  the  functional  group(s)  involved  in  the  alkylation  process,  the 
dinucleotides,  AA,  GG,  CC,  UU,  and  TT  (as  2’-deoxy-ribonucleotides)  were  tested  with 
COMC.  All  substrates  produced  adducts  with  the  exception  of  UU  and  TT.  Thus,  the 
likely  sites  of  alkylation  are  the  exocyclic  amino  groups  of  the  nitrogenous  bases,  which 
are  known  to  be  favorable  targets  of  electrophilic  attack  by  genotoxic  carcinogens. 

The  specificity  of  COMC  was  also  evaluated  with  oligonucleotides  of  different  length 
and  base  composition,  either  in  their  single  stranded  form  or  annealed  with  their 
complementary  oligonucleotide  to  form  a  duplex.  For  example,  adduct  formation  was 
readily  observed  when  the  single  stranded  DNA  16mer  EY2  (ACG  GAC  CGG  CGT 
ACG  C)  was  treated  with  COMC  (Figure  10A).  The  molecular  mass  was  determined  to 
be  4889.815  Da  (4889.850  Da  calculated  from  sequence  for  the  C  monoisotopic 
species)  for  the  starting  16mer,  and  4997.901  Da  (4997.907  Da  from  sequence)  for  the 
alkylated  product.  However,  when  the  same  reaction  was  carried  out  after  annealing  of 
EY2  with  the  complementary  16mer  EY1  (GCG  TAC  GCC  GGT  CCG  T),  no  alkylation 
was  detected  on  either  strand  (Figure  10B).  This  finding  suggests  that  the  COMC 
function  is  attached  to  an  exocyclic  amino  group,  which  is  sterically  protected  by  base 
pairing  in  the  duplex  oligonucleotide. 
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Fig.  10.  Negative  ion  mode  ESI 
FT-MS  spectra  of  the  reaction  of 


COMC  with 
oligonucleotide 


,  the  16mer 
'2  (ACG  GAC 


CGG  CGT  ACG  C)  and  with  (B)  a 
duplex  formed  after  annealing  with 
its  complementary  EY1  (GCG 
TAC  GCC  GGT  CCG  T).  Only 
the  region  including  the  -  4  charge 
state  is  shown  for  better 
comparison. 


In  conclusion,  the  mass  spectral  studies  clearly  indicate  that  COMC-6  forms  stable 
adducts  in  vitro  with  GSH  and  with  nucleic  acids.  Adducts  can  form  by  either  enzymatic 
or  non-enzymatic  pathways,  following  the  addition-elimination  mechanism  shown  m 
Scheme  3.  This  mechanism  is  strongly  supported  by  the  characterization  of  key 
intermediates  along  the  reaction  pathway. 

E.  The  5-  and  7-membered  ring  homoloeues  of  COMC-6  are  also  toxic  to  B-16  in  vitro, 
and  COMC-6  displays  similar  toxicities  toward  both  human  colon  adenocarcinoma  HT29 
and  HT29  over-expressing  the  nhosphoelvcoprotein  associated  with  some  types  of 
multidrug  resistance  Uoseph  et  al.  (20021  Appendix  II  The  respective  5-  and  7- 
membered  ring  homologues  of  COMC-6  (Scheme  4)  have  been  synthesized  and  also 
shown  to  undergo  conjugate  additions  with  GSH  that  involve  intermediate  exocyclic 
enones,  as  in  Scheme  1. 
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Scheme  4 


Therefore,  these  species  should  also  exhibit  antitumor  activity.  Indeed,  all  three  COMCs 
are  toxic  to  B16  murine  melanoma  in  vitro,  with  IC5o  values  indicating  an  increase  in 
potency  with  increasing  ring  size.  Fig  11. 


The  similar  shapes  and  parallel  shift  of  the  cytotoxicity  curves  suggest  a  similar 
mechanism  of  cytotoxicity  for  each  compound.  The  IC50  values  indicate  an  increase  in 
potency  with  increasing  ring  size. 

The  cytotoxicity  of  COMC-6  was  also  examined  in  HT29(wt)  human  colon 
adenocarcinoma  versus  HT29  (MDR)  cells  that  over  express  p-glycoprotein.  This 
experiment  was  prompted  by  a  previous  observation  that  COMC  derivatives  display 
enhanced  toxicity  against  certain  types  of  drug-resistant  neoplastic  cells  versus  wild  type 
cells.  In  the  present  study,  the  IC50  value  for  HT29  (wt)  cells  was  0.80  pM  while  that  for 
HT29  (MDR)  was  1.8  pM,  a  change  of  only  2-fold,  Fig.  12 
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Fig.  12.  Growth  inhibition  of  HT29  (wt)  versus  HT29  (MDR)  cells  in  the  presence  of 
COMC-6.  Conditions/methods  as  in  Fig.  1 

By  comparison,  a  17-fold  difference  in  cytotoxicity  of  vincristine  against  these  cell  lines 
was  noted  in  this  laboratory:  HT29  (wt),  IC50  =  0.001  pM  (%CV  =  .01);  HT29  (MDR), 
IC50  =  0.017  pM  (%CV  =  17). 

Thus,  the  intracellular  cytotoxic  species  (presumably  the  exocyclic  enone  intermediate) 
appears  to  be  a  poor  substrate  for  the  MDR-associaled  p-glycoprotein,  given  the  similar 
IC50  values  of  COMC-6  with  HT29  (wt)  versus  HT29  (MDR).  This  finding  might  best  be 
rationalized  by  the  fact  that  the  glutathionylated  exocyclic  enone  is  multiply  charged,  and 
that  p-glycoprotein  most  readily  transports  uncharged,  hydrophobic  antitumor  agents. 
This  hypothesis  might  help  to  explain  a  previous  observation  that  adriamycin-, 
aclarubicin-,  and  bleomycin-resistant  sublines  of  murine  lymphoblastoma  L5178Y  cells 
are  no  less  sensitive  to  COTC  than  the  parental  cell  line. 
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Key  Research  Accomplishments  (during  the  third  year) 

•  Found  additional  evidence  that  the  glutathione  (GSH)  conjugate  of  COMC-6  is 
unlikely  to  account  for  the  in  vitro  antitumor  activity  of  COMC-6. 

•  Discovered  that  hGSTPl-1  efficiently  catalyzes  the  conversion  of  COMC-6  to  a 
reactive  exocyclic  enone  of  COMC-6. 

•  Demonstrated  that  the  exocyclic  enone  can  alkylate  oligonucleotides  in  vitro  and, 
therefore,  alkylation  of  DNA  in  vivo  is  a  possible  basis  of  the  antitumor  activity  ot 

COMC-6. 

•  Synthesized  and  characterized  the  5-  and  7-membered  ring  homologues  of 
COMC-6  (COMC-5,  COMC-7)  and  demonstrated  that  COMC-7  is  more  potent  to 

B16  tumor  cells  than  COMC-6  in  vitro. 

•  Demonstrated  that  COMC-6  displays  similar  toxicities  to  human  colon  HT29 
versus  HT29  over-expressing  the  phosphoglycoprotein  responsible  for  some  type 
of  multidrug  resistance. 
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substrates  for  glutathione  transferase  (GST),  producing  as  products  GS 
conjugates  that  are  tight-binding  inhibitors  of  the  antitumor  target  enzyme 
glyoxalase  1.  This  is  an  important  “proof-of-concept”  of  our  general 
hypothesis  that  the  transferase  can  serve  as  a  “drug  factory  inside  breast 
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Abstract 

Substrates  for  GSTP1-1  that  produce  as  products  inhibitors  of  the  methylglyoxal  detoxify¬ 
ing  enzyme  glyoxalase  I  might  exhibit  selective  tumoricidal  activity  against  multidrug 
resistant  (MDR)  tumors,  as  the  transferase  is  often  overexpressed  at  high  levels  in  these 
tumors.  In  support  of  the  feasibility  of  this  strategy,  we  have  discovered  that  selected 
W-hydroxy  carbamoyl  esters  (C1C6H40C(0)N(0H)R,  where  R  =  ZC6H4(Z  =  H,  Cl,  Br))  are 
slow  substrates  for  human  placental  GSTP1-1,  producing  as  products  powerful,  mechanism- 
based  competitive  inhibitors  of  human  glyoxalase  I  (GSC(0)N(0H)R,  where  GS  =  glu- 
tathionyl).  In  contrast,  the  transferase  did  not  exhibit  detectable  activity  with  carbamoyl 
esters  in  which  R  =  alkyl.  ©  2001  Elsevier  Science  Ireland  Ltd.  All  rights  reserved. 

Keywords:  Carbamoyl  esters;  Glyoxalase  I  inhibitors;  GST  substrates:  MDR  tumors 


The  glyoxalase  enzyme  system  has  been  the  focus  of  much  recent  attention  as  a 
potential  target  for  antitumor  drug  development  [1,2].  This  enzyme  system,  com¬ 
posed  of  the  isomerase  glyoxalase  I  (Glxl)  and  the  thioester  hydrolase  glyoxalase  II, 
promotes  the  glutathione(GSH)-dependent  conversion  of  cytotoxic  methylglyoxal 
to  D-lactate  [3,4],  We  recently  demonstrated  that  both  S-(V-aryl/alkyl  /V-hydroxy- 
carbamoyl)glutathione  derivatives  (1)  are  powerful  competitive  inhibitors  of  human 
Glxl  with  K;  values  in  the  nanomolar  concentration  range  [5-7], 
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1  (R  =  C6H4,  C6H4CI,  CgH^r,  (CH2)„CH3  (where  n  =  0  -  6)) 


Tight  binding  appears  to  result  from  the  fact  that  these  compounds  are  stable 
intermediate  analogues  of  the  enediolate  intermediate  that  forms  along  the  reaction 
coordinate  of  the  enzyme  [8].  The  diethyl  ester  prodrugs  of  the  N-aryl  derivatives 
inhibit  the  growth  of  both  murine  and  human  tumors  in  vitro  [9]  and  in  vivo  [10]. 
Tumor  toxicity  appears  to  be  due  to  inhibition  of  intracellular  Glxl,  which  results 
in  elevated  concentrations  of  methylglyoxal  [9].  Taken  together,  these  results 
emphasize  the  potential  importance  of  Glxl  as  a  novel  antitumor  target. 

Like  the  glyoxalase  enzymes,  the  glutathione  5-transferases  (GSTs)  play  an 
important  detoxification  role  in  cells  by  catalyzing  the  addition  of  GSH  to  different 
electrophilic  xenobiotics  [11,12].  Among  the  many  different  members  of  the  GST 
family  of  enzymes,  the  GSTP1-1  isozyme  is  of  particular  interest  from  a  cancer 
control  perspective.  This  isozyme  is  significantly  elevated  in  solid  human  tumors  of 
the  colon,  lung  and  particularly  breast  with  only  a  few  tumors  showing  abnormally 
low  levels  of  this  isozyme  [13].  Tumors  exhibiting  the  multidrug  resistance  (MDR) 
phenotype  can  have  GSTP1-1  activities  that  are  15-fold  higher  than  normal  [14]. 
Several  different  laboratories  are  in  the  process  of  developing  specific  inhibitors  of 
GSTP1-1  in  order  to  overcome  drug  resistance  [15]. 

In  contrast,  we  aim  to  take  advantage  of  the  high  levels  of  GSTP1-1  activity  in 
MDR  tumor  cells  by  using  the  transferase  to  generate  cytotoxic  enediol  analogues 
of  the  Glxl  reaction  in  situ.  In  order  to  test  this  hypothesis,  carbamoyl  esters  2  were 
synthesized  using  methods  previously  described  by  this  laboratory  [5-7]  and 
evaluated  as  substrates  for  human  placental  GSTP1-1,  Eq.  (1). 


The  transferase  was  purchased  from  Sigma  Chemical  Co.  and  salts  and  free  GSH 
were  removed  by  ultrafiltration.  The  carbamoyl  esters  (2)  were  separately  incubated 
in  the  presence  and  in  the  absence  of  2  U  of  GSTP1-1  for  69  h  under  the  condition 


Abstracts 


357 


given  in  the  legend  to  Fig.  1.  The  solvent  was  removed  in  vacuo  and  the  residue 
resolved  on  a  reverse-phase  C  18  column  using  a  methanol/water  mixture,  contain¬ 
ing  0.25%  acetic  acid,  as  a  running  solvent.  The  amount  of  GSH  conjugate  forme 
was  determined  from  a  comparison  of  the  integrated  intensity  of  the  pea  , 
corresponding  to  that  of  authentic  GSH  conjugate,  with  standard  curves  of  peak 
area  versus  concentration.  The  activities  of  the  different  substrates  with  the 
transferase  were  computed  from  the  amount  of  conjugate  formed  m  the  presence  ot 
enzyme  minus  that  formed  in  the  absence  of  enzyme. 

The  results  of  these  preliminary  studies  suggest  a  tentative  structure-activity 
correlation,  namely,  that  carbamoyl  esters  in  which  both  R  and  R„  are  aromatic 
functions  are  slow  substrates  for  GSTP1-1,  Fig.  1.  This  correlation  is  based  on  the 
observation  that  no  significant  activity  was  found  with  any  of  the  N-alkyl 
bamoyl  esters  having  p-chlorophenol  as  a  leaving  group.  Moreover,  no  activity  was 


Fi_  1  Comparison  of  the  activities  of  human  GSTP1-1  with  the  carbamoyl  esters  shown  in  Eq  (1), 
where  R,  =  p-chlorophenol.  Conditions:  Sodium  Phosphate  buffer,  pH  7.5,  containing  30%  (v/v)  ethano 
and  0.05  mM  ethylLdiaraine  tetraacetate;  1  mM  GSH,  0.4  mM  carbamoyl  ester,  human  placental 
GSTP1-1  (2.5  U  using  2,4dinitrochlorobenzene  as  substrate),  22°C. 
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detected  with  the  N-p-chlorophenyl  derivative  having  ethanthiol  as  a  leaving  group. 
However,  significant  activity  was  found  for  the  A-aryl  derivatives  in  which  p- 
chlorophenol  is  the  leaving  group.  Apparently,  the  diaryl  carbamoyl  esters  bind  to 
the  transferase  in  such  a  way  as  to  allow  significant  transition  state  stabilization  by 
the  active  site  residues.  We  are  currently  attempting  to  improve  the  substrate 
properties  of  the  carbamoyl  esters  by  optimizing  substrate  structure  using  molecular 
docking  methods  with  the  known  x-ray  structure  of  human  GSTP1-1. 

This  is  the  first  demonstration  that  carbamoyl  esters  can  be  designed  to  serve  as 
substrates  for  GSTP1-1,  giving  as  products  enediol  analogue  inhibitors  of  Glxl. 
This  is  the  basis  of  a  potentially  novel  tumor-selective  anticancer  strategy. 
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Hydrophobic  interactions  play  an  important  role  in  binding  S-CiV-aryl/alkyl-Ar-hydroxycarbam- 
oyl)glutathiones  to  the  active  sites  of  human,  yeast,  and  Pseudomonas  putida  glyoxalase  I,  as 
the  log  Ki  values  for  these  mechanism-based  competitive  inhibitors  decrease  linearly  with 
increasing  values  of  the  hydrophobicity  constants  ( n )  of  the  iV-aryl/alkyl  substituents. 
Hydrophobic  interactions  also  help  to  optimize  polar  interactions  between  the  enzyme  and  the 
glutathione  derivatives,  given  that  the  K\  value  for  S-(AT-hydroxy carbarn oyl)glutathione  (n  = 
0)  with  the  human  enzyme  is  35-fold  larger  than  the  interpolated  value  for  this  compound 
obtained  from  the  log  K\  versus  n  plot.  Computational  studies,  in  combination  with  published 
X-ray  crystallographic  measurements,  indicate  that  human  glyoxalase  I  binds  the  syn-conformer 
of  S-(iV-aryl-iV-hydroxycarbamoyl)glutathiones  in  which  the  iV-aryl  substituents  are  in  their 
lowest-energy  conformations.  These  studies  provide  both  an  experimental  and  a  conceptual 
framework  for  developing  better  inhibitors  of  this  antitumor  target  enzyme. 


Introduction 

The  glyoxalase  enzyme  system  has  been  the  focus  of 
much  recent  attention  as  a  potential  target  for  antitu¬ 
mor  drug  development.1*2  This  enzyme  system,  com¬ 
posed  of  the  isomerase  glyoxalase  I  (Glxl)  and  the 
thioester  hydrolase  glyoxalase  II  (GlxII),  promotes  the 
glutathione  (GSH)-dependent  conversion  of  cytotoxic 
methylglyoxal  to  D-lactate.3*4  The  toxicity  of  methyl- 
glyoxal,  a  byproduct  of  normal  cellular  metabolism,6 
appears  to  arise  from  its  ability  to  cross-link  proteins 
and  to  form  adducts  with  DNA.6’7  We  recently  demon¬ 
strated  that  selected  jS-CAT-aryl-Af-hydroxycarbamoyl)- 
glutathiones  la-c  (Chart  1,  Table  1)  are  powerful 
competitive  inhibitors  of  human  Glxl8'9  and  that  the 
\glycyl glutamyl Idiethyl  ester  prodrugs  inhibit  the  growth 
of  both  murine  and  human  tumors  in  vitro10  and  in 
vivo.11  Tumor  toxicity  appears  to  be  due  to  inhibition  of 
intracellular  Glxl,  which  results  in  elevated  levels  of 
methylglyoxal.10  Thus,  Glxl  appears  to  be  a  potentially 
important  antitumor  target. 

Understanding  the  nature  of  the  binding  interaction 
between  the  iWaryl-iWhydroxycarbamoyl  esters  of  GSH 
and  the  active  site  of  Glxl  is  clearly  important,  to 
provide  a  better  basis  for  inhibitor  design.  Binding 
appears  to  result  from  two  conceptually  separate  and 
distinct  phenomena.  First,  the  iV~hydroxycarbamoyl 
ester  function  contributes  to  binding  by  modeling  the 
stereoelectronic  features  of  the  tightly  bound  enediol 
intermediate  and/or  flanking  transition  states  that  form 
from  the  GSH-methylglyoxal— thiohemiacetal  sub¬ 
strate,  eq  l.9 

Second,  the  iWaryl  substituent  also  makes  a  major 
contribution  to  binding  by  interacting  with  a  hydropho- 

*  To  whom  correspondence  should  be  addressed.  Tel:  410-455-2518. 
Fax:  410-455-2608.  E-mail:  creighto@umbc7.umbc.edu. 


Chart  1.  Structures  of 

S-(AT-Aryl-JV-hydroxycarbamoyl)glutathiones  la— d  and 
S-(N -Alkyl-AT-hydroxycarbamoyDglutathiones  2a— h 
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bic  pocket  in  the  active  site,  as  indicated  by  the  increase 
in  binding  affinity  with  increasing  hydrophobicity  of  the 
N-aryl  substituent.  The  recently  determined  high- 
resolution  X-ray  crystal  structure  of  the  homodimeric 
human  enzyme  in  complex  with  enediol  analogue  Id 
confirms  the  presence  of  a  hydrophobic  binding  pocket 
in  the  active  site.12  In  the  structure,  a  catalytically 
essential  active  site  Zn2+  directly  coordinates  both 
oxygen  atoms  of  the  syn-conformation  of  the  iV-hydroxy- 
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Table  1.  Inhibition  Constants  (ifj’s)  of 
£-(N-Aryl-N-hydroxycarbamoyl)glutathiones  with  Human 
Erythrocyte,  Yeast,  and  P.  putida  Glxla 


Scheme*  1.  Synthesis  of 

S-(A-Alkyl-N-hydroxycarbamoyl)glutathiones  2c-h° 


N^=NOH  i  ^  ^NHOH 
VA1  rdn+1 

5(c-A)  4(c-h) 


OH 


c:  n  =  0,  d:  n=  1,  e:  n-2,  /:  n  =  3,  #;n  =  4,  /t:n  =  5 

°  Reagents  and  conditions:  (i)  ^Hs^SiH;  (ii)  4-chlorophenyl 
chloroformate;  (iii)  GSH/Et0H-H20,  pH  9. 


carbamoyl  ester  function,  and  the  iV-aryl  substituent 
occupies  a  hydrophobic  pocket  composed  of  Phe  67A,  Phe 
62A,  Leu  69A,  Cys  60A,  Phe  7 LA,  lie  88 A,  Leu  92 A,  Leu 
174B,  Leu  160B,  Phe  162B,  and  Met  157B. 

As  part  of  a  research  program  aimed  at  developing 
highly  specific,  tight-binding  inhibitors  of  human  Glxl, 
we  have  probed  the  dimensions  and  properties  of  the 
hydrophobic  binding  pocket  using  both  experimental 
and  computational  methods.  Essential  to  the  conclu¬ 
sions  of  this  study  is  a  comparison  of  the  inhibition 
constants  of  the  AT-aryl-iV-hydroxycarbamoyl  esters  of 
GSH  (la— c)  versus  the  homologous  series  of  AT-alkyl- 
iV-hydroxycarbamoyl  esters  of  GSH  (2a-h)  shown  in 
Chart  1. 
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a  Phosphate  buffer  (50  mM,  pH  7),  25  °C.  b  Hansch  hydropho- 
bicity  constants  for  R-substituents  obtained  from  ref  20. c  From 
ref  9. 


Figure  1.  Log  plot  of  competitive  inhibition  constants  (Kf  s) 
versus  the  Hansch  hydrophobicity  constants  of  the  R-substit¬ 
uents  for  S-(N-methyl-N-hydroxycarbamoyl)glutathione  (2b) 
and  different  S-(N-aiyl-N-hydroxycarbamoyl)glutathiones  la— c 
with  human,  yeast,  and  P.  putida  Glxl.  The  data  for  human 
and  yeast  Glxl  were  taken  from  ref  9. 


The  S-(AT-aryl-iV-hydroxycarbamoyl)glutathione  de¬ 
rivatives  la-c  were  prepared  by  reaction  of  GSH  with 
the  4-chlorophenyl  esters  of  the  corresponding  iV-aryl- 
AT-hydroxy carbamates,  as  previously  described  by  this 
laboratory.9  S-(AT-Hydroxycarbamoyl)glutathione  (2a) 
was  prepared  by  an  acyl-interchange  reaction  between 
iV-hydroxycarbamate  4-chlorophenyl  ester  (3a)  and 
GSH.  The  acylating  reagent  (3a)  was  prepared  by 
reacting  hydroxylamine  with  4-chlorophenyl  chlorofor¬ 
mate.  S-(A-Hydroxy-A-methylcarbamoyl)glutathione  (2b) 
was  prepared  by  a  published  method  from  this  labora¬ 
tory.8  The  S-(N-alkyl-AT-hydroxycarbamoyl)glutathiones 
2c— h  were  synthesized  as  outlined  in  Scheme  1.  The 
4-chlorophenyl  esters  of  the  iV-alkyl-AT-hydroxycarbam- 
ates  3c-h  were  prepared  using  a  modification  of  the 
general  method  of  Wu  and  Sun.13  In  a  one-pot  reaction 
mixture,  triethylsilane  was  first  used  to  reduce  the  alkyl 
oximes  5c— h  to  the  corresponding  hydroxylamines  4c— 
h,  followed  by  reaction  with  4-chlorophenyl  chlorofor¬ 
mate  to  give  3c— h.  Reaction  of  GSH  with  3c— h  gave 
crude  preparations  of  2c-h,  which  were  purified  to 
apparent  homogeneity  by  differential  precipitation  or 
reverse-phase  HPLC.  NMR  spectral  assignments  were 
based  on  comparisons  with  previously  published  NMR 
studies  of  GSH  and  its  derivatives.14 

Human  erythrocyte  Glxl  was  purified  to  homogeneity 
from  outdated  human  blood  by  a  published  procedure.15 
Pseudomonas  putida  Glxl  was  purified  from  Escherichia 
coli  BL21(DE3)  transformed  with  pBTacl/GlxI,16  using 
methods  described  elsewhere.17 


Results  and  Discussion 

The  presence  of  a  hydrophobic  binding  pocket  in  the 
active  site  of  yeast  Glxl  was  first  suggested  by  Vince 
and  co-workers,  on  the  basis  of  the  progressive  decrease 
in  the  inhibition  constants  of  simple  S-aryl  and  S-alkyl 
GSH  derivatives  with  increasing  hydrophobicity  of  the 
S-substituent.18 

Role  of  Hydrophobicity  in  Inhibitor  Binding. 

Indeed,  the  binding  affinities  of  the  enediol  analogues 
2b  and  la-c  for  human,  yeast,  and  P.  putida  Glxl 
increase  with  increasing  hydrophobicity  of  the  N-sub- 
stituent  (Table  1),  indicated  by  the  inverse  relationship 
between  log  K\  and  the  hydrophobicity  constants  (jr)  of 
the  AT-methyl  and  A- aryl  functions,  Figure  l.19  The  n 
constant  is  defined  as  the  log  of  the  n-octanol/water 
partition  ratio  for  the  iV-aryl  function,  calculated  ac¬ 
cording  to  the  method  of  Hansch.20  The  slopes  of  the 
lines  through  the  data  measure  the  change  in  the  free 
energy  of  transfer  of  the  enediol  analogues  from  aqueous 
buffer  at  pH  7  to  the  active  sites  of  the  enzymes  relative 
to  the  change  in  the  free  energy  of  transfer  of  the 
analogues  between  buffer  and  n-octanol.  Thus,  the 
slopes  for  the  yeast  and  human  enzymes  can  be  inter¬ 
preted  to  indicate  that  the  hydrophobicities  of  the 
respective  binding  pockets  are  about  60%  and  70%  that 
of  n-octanol.  The  shallower  slope  for  P.  putida  Glxl 
indicates  a  hydrophobicity  about  30%  that  of  n-octanol. 

Polar/charged  residues  that  are  not  present  in  the 
hydrophobic  pockets  of  the  human  and  yeast  enzymes 
can  explain  the  smaller  apparent  hydrophobicity  of  the 
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Table  2.  Inhibition  Constants  {K\\  s)  of 
S-(i^-Alkyl-iV-hydroxycarbamoyl)glutathiones  with  Human 
Erythrocyte  Glxla 
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bicity  constants  for  R-substituents  calculated  according  to  ref  20. 


binding  pocket  in  the  bacterial  enzyme.  While  there  is 
no  reported  structural  data  for  the  yeast  and  bacterial 
enzymes,  sequence  comparisons  with  the  human  en¬ 
zyme  suggest  the  presence  of  analogous  hydrophobic 
pockets  in  the  active  sites  of  the  yeast  and  bacterial 
enzymes.  In  the  human  enzyme,  Leu  92A  and  lie  88A 
are  2  of  11  residues  that  compose  the  hydrophobic 
pocket  identified  in  the  X-ray  crystal  structure.21  These 
two  residues  are  replaced,  respectively,  by  Lys  and  His 
residues  in  the  sequence  of  amino  acids  that  comprise 
the  apparent  hydrophobic  pocket  in  the  bacterial  en¬ 
zyme,  presumably  resulting  in  a  lower  overall  hydro- 
phobicity.  In  contrast,  Leu  92A  and  lie  88A  are  conser¬ 
vatively  replaced  by  two  Phe  residues  in  the  yeast 
enzyme,  consistent  with  the  similar  observed  hydro- 
phobicities  for  the  yeast  and  human  enzymes. 

The  binding  affinities  to  human  Glxl  of  a  homologous 
series  of  S-(N-alkyl-N-hydroxycarbamoyl)glutathiones 
2a— h  (Chart  1)  were  determined  for  comparison  with 
those  of  the  AT-aryl  derivatives,  Table  2.  Initially,  we 
anticipated  that  the  slope  of  the  log  K\  versus  7t  plot 
would  be  shallower  than  that  observed  with  the  N-aryl 
derivatives  (Figure  1),  because  of  the  increasing  con¬ 
formational  flexibility  of  the  A- alkyl  function  proceeding 
from  iV-methyl  to  JV-heptyl.  Conformational  flexibility 
(entropy)  should  negatively  impact  binding  affinity,  if 
the  active  site  binds  only  a  limited  subset  of  iV-alkyl 
conformers  that  exist  in  bulk  solvent.  By  one  estimate, 
for  each  degree  of  rotational  freedom  lost  upon  binding 
of  a  ligand  to  a  protein,  there  is  roughly  a  9-fold  decrease 
in  binding  affinity.22  This  effect  will  be  less  important 
proceeding  from  IV-methyl  to  the  iV-aryl  derivatives,  as 
there  is  no  systematic  change  in  conformational  flex¬ 
ibility  of  the  iV-substituent.  However,  contrary  to  ex¬ 
pectation,  the  slopes  for  the  two  classes  of  compounds 
are  identical  within  experimental  error,  Figure  2.  This 
suggests  either  that  there  is  little  change  in  conforma¬ 
tional  flexibility  of  the  N-alkyl  derivatives  upon  binding 
to  the  enzyme  or  that  there  are  compensating  favorable 
enthalpic  and/or  entropic  terms  (due  to  solvent/protein 
reorganization),  which  are  not  reflected  in  the  binding 
affinities  of  the  IV-aryl  derivatives  to  the  active  site.  In 
either  case,  conformational  flexibility  appears  not  to 
adversely  affect  the  binding  affinity  of  the  N-alkyl  enediol 
analogues  with  the  active  site  of  Glxl. 

Role  of  Polar  Interactions  in  Inhibitor  Binding. 
The  intercept  values  on  the  log  XI  axis  of  Figure  1  reflect 
the  contribution  of  polar  interactions  to  binding  affinity. 
These  values  are  the  hypothetical  inhibition  constants 
for  an  enediol  analogue  in  which  the  IV-aryl  function  is 
replaced  by  N- H  (jr  =  0),  a  functionality  that  cannot 
interact  with  the  enzyme  hydrophobically.  The  differ¬ 
ence  in  the  intercept  values  indicates  that  polar  interac¬ 
tions  make  a  25-fold  greater  contribution  to  binding 
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Figure  2.  Log  plot  of  competitive  inhibition  constants  (K’s) 
versus  the  Hansch  hydrophobicity  constants  of  the  R-substit- 
uents  for  S-(N-alkyl-N-hydroxycarbamoyl)glutathiones  2b-h 
(□)  and  S-(N-aryl-A-hydroxycarbamoyl)glutathiones  la— c  (a) 
with  human  Glxl.  The  solid  line  is  the  result  of  linear 
regression  analysis  of  the  data  for  S-(iV-alkyl-AT-hydroxycar- 
bamoyDglutathiones.  The  dashed  lines  demarcate  the  95% 
confidence  interval.  Also  shown  is  the  experimentally  deter¬ 
mined  inhibition  constant  for  jS-(AT-hydroxycarbamoyl)glu- 
tathione  (2a). 

affinity  for  the  human  enzyme  than  for  the  yeast  and 
bacterial  enzymes.  Sequence  comparisons  indicate  that 
one  of  the  ligands  (Gin  33)  to  the  active  site  Zn2+  of  the 
human  enzyme  is  replaced  by  His  in  the  yeast  and 
bacterial  enzymes.21  Conceivably,  this  might  indirectly 
influence  the  stability  of  the  direct  coordination  interac¬ 
tion  between  the  Zn2+  and  the  iV-hydroxycarbamoyl 
ester  function  of  the  bound  enediol  analogues.  The 
difference  in  binding  affinities  is  less  easily  explained 
by  differential  interactions  with  the  glutathionyl  moiety, 
as  the  active  site  residues  that  interact  with  the 
glutathionyl  backbone  of  the  bound  inhibitors  are 
strictly  conserved  among  the  enzymes  from  the  three 
different  biological  sources.21 

Of  substantial  interest  is  the  observation  that  the 
experimentally  measured  value  of  the  inhibition  con¬ 
stant  for  S-(AT-hydroxycarbamoyl)glutathione  (2a,  Kx  = 
183  p M)  is  35-fold  larger  than  the  extrapolated  value 
of  5.2  pM  for  this  compound  obtained  from  the  intercept 
on  the  log  K\  axis  of  the  hydrophobicity  plot  of  Figure 
2.  This  strongly  indicates  that  occupancy  of  the  hydro- 
phobic  binding  pocket  somehow  optimizes  polar  interac¬ 
tions  between  the  enzyme  and  the  bound  ligand,  per¬ 
haps  by  promoting  alignments  to  the  active  site  zinc  ion. 
This  is  the  first  evidence  for  a  cooperative  relationship 
between  the  polar  and  hydrophobic  interactions  associ¬ 
ated  with  binding  an  enediol  analogue  to  the  active  site 
of  Glxl. 

Computational  Studies.  The  binding  of  the  IV-aryl 
enediol  analogues  to  the  active  site  could  be  adversely 
affected  by  the  presence  of  steric  restrictions  in  the 
hydrophobic  binding  pocket.  For  example,  the  X-ray 
crystal  structure  of  the  binary  GlxLld  complex  shows 
an  orthogonal  relationship  between  the  plane  of  the 
phenyl  ring  and  the  plane  of  the  AT-hydroxycarbamoyl 
ester  function.12  The  question  of  whether  this  might 
reflect  steric  bumping  between  the  phenyl  ring  and 
active  site  residues  was  addressed  using  computational 
methods. 
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Figure  3.  Geometry-optimized  structures  of  the  syn-  and  anti-conformations  of  S-(AT-4-chlorophenyl-7V-hydroxycarbamoyl)- 
thioethane.  Critical  dihedral  angles  are  given  in  Table  3. 


Table  3.  Critical  Dihedral  Angles  (deg)  for  the 
Geometry-Optimized  Syn-  and  Anti-Conformers  of 
S-(N~4-Chlorophenyl-N-hydroxycarbamoyl)thioethane  (Figure  3) 
Obtained  at  the  HF/6-31G*Level  of  Theory 


bonds 

syn-conformer 

anti-conformer 

C(2)-C(4)-N(8)-C(13) 

-90.75 

-56.27 

C(2)— C(4)— N(8)— 0(14) 

122.76 

156.48 

C(7)-C(4)-N(8)-C(13) 

90.78 

125.49 

C(7)-C(4)-N(8)-0(14) 

-55.71 

-21.77 

C(4)— N(8)— C(13)— 0(16) 

-160.16 

21.18 

C(4)-N(8)-C(13)-S(17) 

23.01 

-161.26 

0(14)— N(8)—C(13)— 0(16) 

-14.29 

168.32 

0(14)— N(8)— C(13)— S(17) 

168.89 

-14.13 

relative  energy  (kcal/mol) 

0 

-3.4 

The  energy-minimized  syn-  and  anti-conformers  of  the 
model  compound,  S-(N-4-chlorophenyl-iV-hydroxycar- 
bamoyl)thioethane,  were  calculated  by  both  semiem- 
pirical  and  ab  initio  methods,  Figure  3.  The  conforma¬ 
tion  of  the  *S-substituent  of  the  less  stable  syn-conformer 
is  nearly  identical  to  that  of  the  &- substituent  of  the 
syn-conformer  of  Id  observed  in  the  X-ray  crystal 
structure.  At  the  Hartree-Fock/6-31G*  level  of  theory, 
the  dihedral  angle  between  the  plane  of  phenyl  ring  and 
that  of  the  AT-hydroxycarbamoyl  ester  function  is  91°, 
which  is  close  to  that  observed  in  the  X-ray  structure, 
Table  3.  Apparently,  the  geometry  of  the  ground-state 
structure  of  the  model  compound  in  the  gas  phase  is 
determined  largely  by  steric  interactions  between  the 
ortho-protons  of  the  ring  and  the  AT- OH  and  S-ethyl 
functions.  By  inference,  human  Glxl  likely  binds  a  low- 
energy  conformer  of  syn-ld  in  which  the  N-aryl  function 
is  orthogonal  to  the  plane  of  the  AT-hydroxycarbamoyl 
ester  function.  Thus,  computational  methods  indicate 
that  the  conformation  of  the  S-substituent  of  the  enzyme- 
bound  enediol  analogue  is  a  property  of  the  ligand  and 
not  the  result  of  steric  interactions  with  the  enzyme 
protein . 

Implications  for  Catalysis  and  Inhibitor  Design. 

The  inhibitor  binding  studies  reported  here  indicate 
the  presence  of  a  large,  diffuse  hydrophobic  binding 
pocket  in  the  active  site  of  human  Glxl  that  plays  a 
major  role  in  binding  the  enediol  analogues  to  the 
active  site.  Occupancy  of  this  pocket  is  necessary  in 
order  to  maximize  polar  interactions  between  the  en¬ 
zyme  and  bound  enediol  analogue.  By  inference,  the 
methyl  group  of  GSH— methylglyoxal  thiohemiacetal 
substrate  might  participate  in  catalysis  by  helping 
to  optimize  interactions  between  active  site  residues 
and  the  enediol  intermediate  and  flanking  transition 
states.  Each  of  these  factors  must  be  given  careful 
consideration  in  the  design  of  future  mechanism-based 
competitive  inhibitors  of  Glxl  as  potential  antitumor 
agents. 


Experimental  and  Computational  Methods 

Synthetic  methods  are  outlined  in  Scheme  1.  NMR  spectra 
were  taken  on  a  GE  QE-300  NMR  spectrometer.  Mass  spectral 
data  were  obtained  at  the  Midwest  Center  for  Mass  Spectrom¬ 
etry,  University  of  Nebraska-Lincoln,  and  the  Washington 
University  Mass  Spectrometry  Resource,  Washington  Univer¬ 
sity-Saint  Louis.  Elemental  analyses  were  obtained  at  At¬ 
lantic  Microlabs,  Inc.,  Norcross,  GA,  and  are  within  0.4%  of 
the  calculated  values  unless  otherwise  indicated.  Oximes  5c— h 
were  synthesized  from  the  corresponding  aldehydes  by  stan¬ 
dard  methods.23  NMR  and  IR  analyses  of  the  oximes  matched 
published  standard  spectra.  All  other  reagents  were  purchased 
from  Aldrich. 

Competitive  inhibition  constants  were  calculated  from  the 
variation  in  the  apparent  Km  of  Glxl  with  GSH— methylgly¬ 
oxal— thiohemiacetal  substrate  in  the  presence  of  different 
concentrations  of  enediol  analogue.9  Apparent  Km  values  were 
obtained  from  computer  fits  of  the  initial  rate  data  to  the 
Michaelis-Menten  equation. 

The  lowest-energy  gas-phase  conformation  of  S-(iV-4-chlo- 
rophenyl-N-hydroxycarbamoyl)thioethane  was  calculated  us¬ 
ing  the  molecular  modeling  program  Spartan  (Wavefunction, 
Inc.,  Irvine,  CA). 

JV-Hydroxy-AT-heptylcarbamate  4-Chlorophenyl  Ester 
(3h).  This  compound  was  prepared  by  a  modification  of  a 
published  method.23  Heptanal  oxime  5h  (1.0  g,  0.008  mol)  was 
dissolved  in  10  mL  chloroform  in  a  dry,  nitrogen-flushed  vessel 
on  ice.  Triethylsilane  (0.90  g,  0.008  mol)  was  added  dropwise, 
followed  by  dropwise  addition  of  4-chlorophenyl  chloroformate 
(1.47  g,  0.008  mol).  The  mixture  was  stirred  overnight  under 
a  nitrogen  atmosphere  at  room  temperature.  The  crude 
mixture  was  purified  by  flash  gel  chromatography,  eluting  with 
chloroform— methanol  (40:1  to  30:1).  The  solvent  was  removed 
in  vacuo  to  give  a  colorless  oil,  which  crystallized  to  white 
needles  on  standing.  The  product  was  recrystallized  from 
ether-hexane.  Yield:  40%.  Mp:  54  °C.  300  MHz  *H  NMR 
(CDC13,  TMS):  <5  0.86-0.90  (m,  3H),  1.27-1.32  (m,  8H),  1.67- 
1.72  (m,  2H),  1.78  (s,  OH),  3.65  (t,  J  =  7.2  Hz,  2H),  7.06  (d,  J 
=  8.7  Hz,  aromatic-2H),  7.33  (d,  J  =  8.7  Hz,  aromatic-2H).  IR 
(KBr):  3250,  2920,  2840,  1670,  1480,  1420,  1220,  1160,  1080, 
1010,  870,  810,  750  cm"1.  Anal.  (C14H2oNC103)  C,  H,  N. 

N-Hydroxy-iV-hexylcarbamate  4-Chlorophenyl  Ester 
(3g).  This  compound  was  prepared  by  the  same  general 
method  used  to  prepare  3h.  The  product  was  reciystallized 
from  ether— hexane  as  colorless  plates.  Yield:  28%.  Mp:  61— 
62  °C.  300  MHz  XH  NMR  (CDCls,  TMS):  6  0.86-0.91  (m,  3H), 
1.2— 1.4  (m,  8H),  1.6— 1.8  (m,  2H),  3.66  (t,  J  =  7.2  Hz,  2H), 
7.06  (d,  J  =  8.7  Hz,  aromatic-2H),  7.33  (d,  J  =  8.7  Hz, 
aromatic-2H).  IR  (KBr):  3250,  2900,  2840,  1660,  1480,  1420, 
1220, 1160, 1080,1010,870,  810,  750  cm"1.  Anal.  (C13H18NC103) 
C,  H;  N:  calcd,  5.15;  found,  5.08. 

N-Hydroxy-iV-pentylcarbamate  4-Chlorophenyl  Ester 
(3f).  This  compound  was  prepared  by  the  same  general  method 
used  to  prepare  3h.  The  product  was  recrystallized  from 
ether-hexane  as  white  rhombahedral  crystals.  Yield:  46%. 
Mp:  47-48  °C,  300  MHz  XH  NMR  (CDC13,  TMS):  6  0.91  (t,  J 
=  6.6  Hz,  3H),  1.28-1.37  (m,  4H),  1.72  (m,  2H),  3.67  (t,  J  = 
6.9  Hz,  2H),  6.66  (bs,  OH),  7.07  (d,  J  =  8.7  Hz,  aromatic-2H), 
7.04  (d,  J  =  8.7  Hz,  aromatic-2H).  IR  (KBr):  3250,  2920,  2845, 
1660,  1480,  1420,  1210,  1160,  1080,  1005,865,  810,  745  cm"1. 
Anal.  (Ci2H16NC103)  C,  H;  N:  calcd,  5.43;  found,  5.37. 


Hydrophobic  Interactions  in  GSH  Binding  to  Glxl 

AT-Hy«iroxy-A^-butylcarbamate  4-Chlorophenyl  Ester 
(3e).  This  compound  was  prepared  by  the  same  general 
method  used  to  prepare  3h,  using  chloroform- ethyl  acetate 
(100:1)  as  a  chromatographic  solvent.  The  product  was  recrys- 
talhzed  from  ether-hexane  as  white  flat  needles.  Yield:  23%. 
Mp:  42-43  °C.  300  MHz  lE  NMR  (CDCla,  TMS):  6  0.93  (t,  J 
=  7.2  Hz,  3H),  1.37  (m,  2H),  1.68  (m,  2H),  3.66  (t,  J  =  6.9  Hz, 
2H),  7.2  (bs,  OH),  7.06  (d,  J  =  8.7  Hz,  aromatic-2H),  7.333  (d, 
J  -  8.7  Hz,  aromatic-2  H).  IR  (KBr):  3250,  2920,  2850,  1640, 
1460,  1400,  1260,  1190,  1130,  1050,  1020,  980,  845,  790,  725 
cm"1.  Anal.  (C11H14NCIO3)  C;  H:  calcd,  5.79;  found,  5.73;  N: 
calcd,  5.75;  found,  5.83. 

iV-Hydroxy-AT-propylcarbamate  4-Chlorophenyl  Ester 
(3d).  This  compound  was  prepared  by  the  same  general 
method  used  to  prepare  3h,  using  chloroform-ethyl  acetate 
(100:1)  as  a  chromatographic  solvent.  The  product  was  crystal¬ 
lized  from  ether-hexane  as  colorless  flat  needles.  Yield:  21%. 
Mp:  58-59  °C.  300  MHz  lE  NMR  (CDC13,  TMS):  <5  0.97  (t,  J 
=  7.0  Hz,  3H),  1.76  (m,  2H),  3.64  (t,  J  =  7.0  Hz,  2H),  6.84  (bs, 
OH),  7.07  (d,  J  =  8.8  Hz,  aromatic-2H),  7.33  (d,  J  =  8.8  Hz, 
aromatic-2H).  IR  (KBr):  3230,  2940,  2920,  2860,  1655,  1480, 
1460, 1420, 1285, 1240, 1220, 1170, 1080, 1040,1005, 865, 810, 
745  cm"1.  Anal.  (C10H12NCIO3)  C;  H:  calcd,  5.27;  found,  5.32; 
N:  calcd,  6.10;  foimd,  6.05. 

iV-Hy droxy-AT -ethy lcarbamate  4-Chlorophenyl  Ester 
(3c).  This  compound  was  prepared  by  the  same  general 
method  used  to  prepare  3h,  using  chloroform-ethyl  acetate 
(100:1)  as  a  chromatographic  solvent.  The  product  was  crystal¬ 
lized  from  ether— hexane  as  white  needles.  Yield:  16%.  Mp: 
67-68  °C.  300  MHz  W  NMR  (CDC13,  TMS):  6  1.31  (t,  J  =  7.0 
Hz,  3H),  3.73  (t,  J  =  7.0  Hz,  2H),  6.40  (bs,  OH),  7.08  (d,  J  = 
8.8  Hz,  aromatic-2H),  7.34  (d,  J  =  8.8  Hz,  aromatic-2H).  IR 
(KBr):  3250,  2970,  2910,  2880,  2860, 1665,  1480,  1425,  1270, 
1220,  1170,  1080,  1030,  1005,  960,  865,  810,  745  cm"1.  Anal. 
(C9H10NCIO3)  C;  H:  calcd,  4.67;  found,  4.79;  N:  calcd,  6.50; 
foimd,  6.38. 

JV-Hydroxycarbamate  4-Chlorophenyl  Ester  (3a).  This 
compound  was  prepared  by  reacting  hydroxylamine  with 
4-chlorophenyl  chloroformate.  The  product  was  crystallized 
from  ether-hexane  as  colorless  plates.  Yield:  34%.  Mp:  137- 
139  °C.  300  MHz  *H  NMR  (CDCI3,  TMS):  (5  5.83  (bs,  1H),  7.11 
(d,  J  =  8.7  Hz,  2H),  7.38  (d,  J  =  8.7  Hz,  2  H),  7.47  (bs,  1H).  IR 
(KBr):  3300,  1725,  1465,  1260,  1210,  1080,  1005,  840  cm"1. 
Anal.  (C7H6NCIO3)  C;  H:  calcd,  3.22;  found,  3.34;  N:  calcd, 
7.47;  found,  7.39. 

^W'Heptyl-A^hydroxycarbamoyDglutathiQne  (2h).  Into 
a  stirring  solution  of  6.3  mL  degassed,  nitrogen-saturated 
ethanol: water  (2:1)  and  3h  (53  mg,  0.185  mmol)  was  placed  a 
6.3-fold  excess  of  glutathione  (563  mg,  1.16  mmol).  The  slurry 
was  slowly  brought  to  pH  9  by  the  dropwise  addition  of  6  N 
NaOH,  during  which  the  mixture  became  a  homogeneous 
solution.  The  solution  was  placed  under  nitrogen  and  allowed 
to  stand  at  room  temperature  for  24  h.  The  solution  was 
brought  to  pH  3.5  with  6  N  HC1  and  the  solvent  removed  in 
vacuo.  The  white  residue  was  suspended  in  1  mL  water,  stirred 
for  9  h  at  room  temperature,  and  the  precipitate  collected  by 
centrifgation.  This  digestion  procedure  was  repeated  4  more 
times.  The  dried  white  solid  was  then  triturated  3  times  with 
0.8  mL  portions  of  diethyl  ether  to  remove  unreacted  3h  and 
unreacted  4-chlorophenol.  Yield:  35%.  300  MHz  JH  NMR  (D20, 
pD  10.4,  HOD  reference):  6  0.88  (methyl-3H),  1.2-1.4  (m, 
alkyl-8H),  1.63  (m,  alkyl-2H),  1.91  (m,  Glu-C^H2),  2.40  (m,  Glu- 
CyH2),  3.07  (q,  J  =  9.0,  14.4  Hz,  Cys-CjHJ,  3.28  (q,  J  =  4.2, 
14.4  Hz,  Cys-C^Hb),  3.32  (t,  J  =  6.0  Hz,  Glu-CaH),  3.59  (t,  J  = 
6.6  Hz,  N-CH2),  3.75  (d,  J  =  17.1  Hz,  Gly-CaHfl),  3.83  (d,  J  = 
17.1  Hz,  Gly-CaHb),  4.53  (q,  J  =  4.2,  9.0  Hz,  Cys-CaH).  FAB 
MS  consistent  with  CigH32N4S08.  Anal.  (Ci8H32N4S08)  C,  H; 
N:  calcd,  12.06;  found,  11.92. 

S-W-Hexyl-A/-hydroxycarbamoyl)glutathione  (2g).  This 
compound  was  prepared  by  the  same  general  method  used  to 
prepare  2h,  using  a  reaction  time  of  70  h.  Yield:  66%.  300 
MHz  m  NMR  (D20,  pD  10.4,  DSS):  6  0.86  (methyl-3H),  1.28 
(m,  alkyl-6H),  1.60  (m,  alkyl-2H),  1.87  (m,  Glu-C^H2),  2.36  (m, 


Journal  of  Medicinal  Chemistry ,  2000,  Voi  43,  No.  21  3965 

Glu-CyH2),  3.04  (q,  J  =  9.0,  14.4  Hz,  Cys-C*Hb),  3.24 Xq,  J  = 
4.2,  14.4  Hz,  Cys-C/fla),  3.27  (t,  J  =  6.6  Hz,  Glu-Ca  H),  3.57 
(t,  J  =  6.9  Hz,  N-CH2),  3.72  (d,  J  =  17.1  Hz,  Gly-CaHa),  3.80' 
(d,  J  =  17.1  Hz,  Gly-CaHb),  4.50  (q,  J  =  4.2,  9.0  Hz,  Cys-CaH). 
FAB  MS  consistent  with  Ci7H3oN4S08.  Anal.  (Ci7H30N4SO8) 
C,  H;  N:  calcd,  12.44;  found,  12.28. 

S-W-Pentyl-iV -hydroxy carbamoyl) glutathione  (2f).  This 
compound  was  prepared  by  the  same  general  method  used  to 
prepare  2h.  Yield:  53%.  300  MHz  JH  NMR  (D20,  pD  10.4, 
DSS):  6  0.87  (methyl-3H),  1.28  (m,  alkyl-4H),  1.61  (m,  alkyl- 
2H),  1.91  (m,  G1u-C/}H2),  2.39  (m,  Glu-CyH2),  3.04  (q,  J  =  9.0, 
14.4  Hz,  Cys-QjHb),  3.26  (q,  J  =  4.2, 14.4  Hz,  Cys-C/,Ha),  3.35 
(t,  J  =  6.3  Hz,  Glu-CaH),  3.57  (t,  J  =  6.9  Hz,  N-CH2),  3.73  (d, 
J  =  17.1  Hz,  Gly-CaHa),  3.80  (d,  J  =  17.1  Hz,  Gly-CaHb),  4.52 
(q,  J  =  4.2,  9.0  Hz,  Cys-CaH).  FAB  MS  consistent  with 
Ci6H28N4S08.  Anal.  (Ci6H2sN4S08)  C;  H:  calcd,  6.47;  found, 
6.38;  N:  calcd,  12.84;  found,  12.71. 

S-CV-Butyl-JV-hydroxycarbamoyl)glutathione  (2e).  This 
compound  was  prepared  by  the  same  general  method  used  to 
prepare  2h,  using  a  reaction  time  of  115  h.  The  crude,  acidified 
product  was  purified  by  flash  chromatography  on  a  silica  gel 
column,  using  n-propanol:acetic  acid:water  (10:1:5)  as  an 
eluting  solvent.  The  fractions  containing  the  crude  product 
were  pooled,  brought  to  dryness  and  further  purified  by 
reverse-phase  column  chromatography  (Whatman  /^Bondapak 
Cis,  0.78  x  30  cm),  using  0.25%  acetic  acid  and  35%  methanol 
in  water  as  an  eluting  solvent  (retention  volume:  ~26  mL). 
The  peak  fractions  were  lyophilized  to  dryness  to  give  the  final 
product  as  a  white  powder.  Yield:  35%.  300  MHz  *H  NMR 
(D20,  pD  3.3,  DSS):  6  0.89  (t,  J  =  7.3  Hz  methyl-3H),  1.28 
(m,  alkyl-2H),  1.59  (m,  alkyl-2H),  2.15  (m,  Glu-C^H2),  2.51  (m, 
Glu-CyH2),  3.14  (q,  J  =  8.4,  14.3  Hz,  Cys-QjHb),  3.37  (q,  J  = 

4.8. 14.3  Hz,  Cys-C/fla),  3.65  (t,  J  =  7.0  Hz,  N-CH2),  3.79  (t,  J 
=  6.6  Hz,  Glu-CaH),  3.94  (s,  Gly-CaH2),  4.62  (q,  J  =  4.8,  8.4 
Hz,  Cys-CaH).  FAB  MS  consistent  with  Ci5H26N4S08.  Anal. 
(Ci5H26N4S08*H20)  C:  calcd,  37.86;  found,  37.46;  H:  calcd, 
5.87;  found,  5.76;  N:  calcd,  13.58;  found,  13.26. 

S-C/V-Propyl-A^-hydroxycarbamoyl)^utathione  (2d).  This 
compound  was  prepared  by  the  same  general  method  used  to 
prepare  2e.  The  flash  chromatography  column  was  eluted  with 
n -propanol:  ace  tic  acidtwater  (70:25:30).  The  reverse-phase 
column  was  eluted  with  0.25%  acetic  acid  and  25%  methanol 
in  water  (retention  volume:  ^23  mL).  The  peak  fractions  were 
lyophilized  to  dryness  to  give  the  final  product  as  a  white 
powder.  Yield:  35%.  300  MHz  *H  NMR  (D20,  pD  3.3,  DSS):  6 
0.86  (t,  J  =  7.3  Hz,  methyl -3H),  1.63  (m,  J  =  7.0,  J  =  7.3  alkyl- 
2H),  2.14  (m,  Glu-C/jH2),  2.51  (m,  Glu-CyH2),  3.12  (q,  J  =  8.4, 

14.3  Hz,  Cys-C^Hb),  3.38  (q,  J  =  4.8,  14,3  Hz,  Cys-C/jHa),  3.61 
(t,  J  =  7.0  Hz,  N-CH2),  3.79  (t,  J  =  6.2  Hz,  Glu-CaH),  3.94  (s, 
Gly-CaH2),  4.62  (q,  J  =  4.8,  8.4  Hz,  Cys-CaH).  FAB  MS 
consistent  with  Ci4H24N4S08.  Anal.  (CuH^SOs-HaO)  C;  H: 
calcd,  6.15;  found,  5.90;  N:  calcd,  6.50;  found,  6.38. 

S  -  (N-E  thy  1-JV -hy  dr  oxy  c  arb  amoy  1)  glutathione  (2c).  This 
compound  was  prepared  by  the  same  general  method  used  to 
prepare  2e.  The  flash  chromatography  column  was  eluted  with 
n -propanol: acetic  acid: water  (130:1:70).  The  reverse-phase 
column  was  eluted  with  0.25%  acetic  acid  and  5%  methanol 
in  water  (retention  volume:  ~24  mL).  The  peak  fractions  were 
lyophilized  to  dryness  to  give  the  final  product  as  a  white 
powder.  Yield:  48%.  300  MHz  !H  NMR  (D20,  pD  3.3,  DSS):  6 
1.16  (t,  J  =  7.0  Hz,  methyl-3H),  2.15  (m,  Glu-C^H2),  2.51  (m, 
Glu-CyH2),  3.12  (q,  J  =  8.4,  14.3  Hz,  Cys-C^Hb),  3.38  (q,  J  = 

4.8. 14.3  Hz,  Cys-C^Ha),  3.66  (t,  J  =  7.0  Hz,  N-CH2),  3.79  (t,  J 
=  6.2  Hz,  Glu-CaH),  3.94  (s,  Gly-CaH2),  4.63  (q,  J  =  4.8,  8.4 
Hz,  Cys-CaH).  FAB  MS  consistent  with  C13H22N4S08.  Anal. 
(Ci3H22N4S08*H20)  C:  calcd,  37.86;  found,  37.46;  H:  calcd, 
5.87;  found,  5.76;  N:  calcd,  13.58;  found,  13.26. 

S-(lV-Hydroxycarbamoyl)glutathione  (2a).  This  com¬ 
pound  was  prepared  by  the  same  general  method  used  to 
prepare  2h,  using  a  3.5-fold  excess  of  GSH  and  a  reaction  time 
of  4  h.  The  crude  reaction  mixture  was  treated  with  4-pyridine 
disulfide  in  order  derivatize  any  unreacted  GSH  to  the  mixed 
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disulfide.  This  allowed  a  clean  separation  of  the  desired 
product  by  reverse-phase  column  chromatography  using  0.25% 
acetic  acid  in  water  (retention  volume:  ~16  mL).  The  peak 
fractions  were  lyophilized  to  dryness  to  give  the  final  product 
as  a  white  powder.  Yield:  30%.  300  MHz  XH  NMR  (D20,  pD 
3.2,  DSS):  <5  2.15  (m,  Glu-C/flfe),  2.51  (m,  Glu-CyH2),  3.20  (q, 
J  =  8.1,  14.3  Hz,  Cys-C^Hb),  3.43  (q,  J  =  4.8,  14.3  Hz,  Cys- 
C/jHa),  3.81  (t,  J  =  6.2  Hz,  Glu-CaH),  3.95  (s,  Gly-CaH2),  4.66 
(q,  J  ~  4.8,  8.1  Hz,  Cys-CaH).  FAB  MS  consistent  with 
ChHi8N4S08.  Anal.  (CiiH18N4S08-H20)  C;  H:  calcd,  5.24; 
found,  5.17;  N:  calcd,  14.58;  found,  14.36. 
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ABSTRACT 


The  structure  of  the  active  glyoxalase  I  inhibitor  derived  from  the  Stoeptomyces  gnseosporeus  metabohte  COTC  1  has  been  conclusively 
identified  by  means  of  total  synthesis  as  2c.  Human  gtyoxabse  I  is  conpetidvely  nlwbrted  by  2jc  (K,  - 183  ±  6 /i  M)  biM  is  not  inhibited  by  1 


Aset. 


Cytotoxic  methylglyoxal  is  removed  from  cells  as  its 
glutathione  adduct  by  the  enzymes  glyoxalase  I  and  II.  In 
1975,  a  new  inhibitor  of  glyoxalase  1  having  structure  1  was 
isolated  from  the  culture  broth  of  Streptomyces  gnseosporeus 
by  Umezawa  and  co-workers. 1  Known  as  COTC,  compound 
1  was  also  reported  to  exhibit  cytotoxic  and  cancerostatic 
activity  with  low  toxicity?  The  potential  of  COTC  as  an 
anticancer  drug  has  attracted  die  attention  of  several  synthetic 
research  groups,  and  five  successful  total  syntheses  have  now 
been  reported.3-7  Despite  its  prospective  therapeutic  signify 
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Kato,  K.;  Saito,  S.;  Tonrisawa,  T.;  litaka,  Y.  J.  Antihiot l  1975,  28.  743— 
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cance,  the  mechanism  of  action  of  COTC  remains  incom¬ 
pletely  understood. 

Umezawa  et  al.  noted  that  by  itself  COTC  had  no  effect 
on  glyoxalase  1,  even  in  the  presence  of  the  substrate, 
methylglyoxal.1  However,  in  the  presence  of  reduced  glu¬ 
tathione  (GSH),  time-dependent  inhibition  of  the  enzyme  was 
observed.  In  studies  with  rat  Yoshida  glyoxalase  I,  1 
exhibited  an  apparent  IC50  of  8.8  x  10"4  M  in  phosphate 
buffer  containing  methylglyoxal  (0. 13  M)  and  GSH  (0.04 
M).  Consequently,  the  biological  activity  of  COTC  was 
thought  to  involve  nucleophilic  addition  of  GSH,  an  hypoth¬ 
esis  later  supported  by  the  change  in  UV  absorbance  and 
loss  of  titratable  SH  groups  noted  when  1  was  exposed  to 
GSH  in  the  absence  of  methylglyoxal.8  While  the  reaction 
product  of  COTC  with  GSH  has  never  been  isolated  and 
characterized,  1  does  react  with  2-mercaptoethanoi  and 
p-bromothiophenol  to  form  thioethers  2a  and  2b,  respec¬ 
tively.  Moreover,  the  structure  of  2b  has  been  confirmed  by 
X-ray  crystallography.2  On  the  basis  of  those  findings,  it  has 

(8)  Aghil,  O.;  Bibby,  M.  C;  Carrington,  S.  J.;  Double,  I.;  Douglas,  K. 
T.;  Phillips,  R.  M.;  Shing,  T.  K.  M.  Anti-Cancer  Drug  Des .  1992,  7, 67— 
82. 
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been  proposed  that  GSH  combines  with  1  to  form  2c.  A 


2b  Rsp-Br-CeHi 
1  2c  R-gfcJtattwciyl 

variety  of  mechanisms  have  been  suggested  for  this  trans¬ 
formation,  including  direct  displacement  of  crotonate,8  two 
stepwise  1 ,4-addition//?-elimination  reactions,9  or  1 ,4-addition 
and  sigmatropic  rearrangement8  Such  mechanistic  specula¬ 
tion  seemed  premature  in  the  absence  of  conclusive  confir¬ 
mation  of  the  structure  of  the  GSH  reaction  product.  Here 
we  report  the  isolation  and  purification  of  the  GSH  adduct 
of  (— )-COTC  and  subsequent  characterization  of  that 
structure  as  2c.  In  addition,  we  present  quantitative  kinetic 
information  on  the  interaction  of  pine  2c  with  gtyoxalase  1. 

Freshly  prepared  synthetic  (— )-l  (13.5  mg)7  was  stirred 
with  GSH  (15.4  mg)  in  sodium  phosphate  buffer  (pH  7.5) 
for  10  min  at  37  °C  and  then  poured  onto  an  ion-exchange 
column  (2  cm  x  2  cm  Dowex-1  resin)10  and  eluted  with 
aqueous  acetic  acid  to  afford  2c  in  93%  yield.11  Besides  the 
loss  of  crotonate  and  gain  of  glutathionyl  resonances,  the 
NMR  spectrum  of  2c  featured  a  singlet  at  &  6.74  for  H3 
that  is  characteristic  of  /?~unsubstituted  cyclohexenones  such 
as  1  and  its  congeners. 

Adduct  2c  was  a  moderately  potent  competitive  inhibitor 
of  human  erythrocyte  glyoxalase  I12  (Kt  =  183  ±6 
Figure  1).  Moreover,  the  inclusion  of  0.2  mM  COTC  1  in 
an  assay  cuvette  did  not  reduce  the  initial  rate  of  product 
formation  beyond  what  would  be  expected  from  a  small 
increase  in  the  production  of  additional  2c, n  confirming  that 
COTC  does  not  inhibit  the  enzyme. 

The  fact  that  adduct  2c  is  a  moderately  potent  competitive 
inhibitor  of  glyoxalase  I  argues  against  an  earlier  suggestion 

(9)  Vasella,  A.;  Bandin,  G.;  Panza,  L.  Heteroatom  Chenr  1991, 2, 151  — 
161. 

(10)  Furano,  A.  V.  Methods  Enzymol.  1971, 17B,  509—510. 

(1 1)  For  2c  mp  210-220  °€  dec;  Rf 0.40  (10:1:5  /r-PiOHAcOIFHaO); 
'H  NMR  (300  MHz,  D2O)  6  6.74  (s,  1  H),  4.51  (dd,  1  H,J—  4.8, 7.0  Hz), 
4.43  (m.  2  H)  3.84  (s,  2  H)  3.75  (dd,  1  H,/=  6.4,  5.9  Hz)  3.41,  3.28 
(AB  q,2H,y=  14.0  Hz),  2.95,  2.76  (ABX,  2  H,  Ab  *  14.0,  /ax  =  9. 1, 
Jbx  -  4.8  Hz)  2.48  (m,  2  H,  J  =  3.8, 3.9, 2.7  Hz)  2. 11  (dd,  2  H,  J  *  7.5, 
6.5  Hz);  13C  NMR  (300  MHz,  D2O)  d  196.3,  172.2,  169.6,  144.3,  L30.6, 
73.4,  72.5,  64.9,  51.4,  50.2,  39.6,  29.8,  28.5,  263,  233;  MS  ES  m/z  464 
(M  +  1,  57%),  60  (100%). 

(12)  Aronsson,  A.-C.;  TibbeKn,  G.;  Manncrvik.  B.  Anal  Biochem .  1979, 
92,  390-393. 

(1 3)  The  rise  in  [2c]  in  tbe  assay  cuvette  was  estimated  from  the  second- 
order  rate  constant  for  formation  of  2c  from  GSH  and  1  (Jt  =  032  mM-1 
nmr1,  pH  7,  25  °C). 


Figure  1.  Reciprocal  plot  of  the  velocity  of  the  glyoxalase  l 
reaction  (A324o)  versos  die  concentration  of  GSH-methylglyoxa] 
thiohemiacctal  ([S])  in  the  presence  and  absence  of  2c  ([!]).  In  each 
kinetic  run,  die  concentration  of  free  GSH  was  maintained  at  02 
mM  by  varying  the  total  concentration  of  GSH  and  methylglyoxal 
on  die  basis  of  the  dissociation  constant  of  die  hemithioacetal  (A&s 
—  22  mM).15  Conditions:  50  mM  phosphate  buffer,  pH  7.0,  25 
°C. 


that  COTC  functions  simply  by  depleting  levels  of  GSH 
needed  to  form  die  mefhylglyoxa]  hemithioacetal  substrate.8 
Studies  with  a  variety  of  S-substituted  glutathionyl  deriva¬ 
tives  have  established  that  K\  values  decrease  with  increasing 
hydrophobicity  of  the  sulfur  substituent  These  findings 
suggest  the  presence  of  a  hydrophobic  binding  pocket  in  the 
active  site  of  human  glyoxalase  I,  which  has  recently  been 
confirmed  using  high-resolution  X-ray  crystallographic  analy¬ 
sis.14  The  consequent  possibility  that  less  polar  analogues 
of  2c  may  bind  more  tightly  to  the  enzyme  will  be  explored 
further  in  ongoing  structure— activity  studies  in  our  labora¬ 
tories. 
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ABSTRACT 


.ococh=ch-ch3 

GSH 


COMC 


glutathionyl 

transferase 


active  antitumor  agent? 


Data  are  presented  intficating  that  the  potent  antitumor  activity  of  2-crotonyto«yme!hyH4R5^  (COTC) 

and  2<<rotonyfoxymethyf^  (COMC)  is  not  ftefy  the  vesuk  of  glyoribse  I  mtitition,  as  has  long  been  assumed.  An  alternative 

hypothesis  is  presented,  based  on  the  folding  that  COMC  is  a  substrate  far  human  ghrtathionyl  transferase,  which  produces  a  transient,  hic^riy 
dcctrophftc  glutathionyiated  2^xoawthytenecydohe^  that  can  covalently  mocffy  proteins  and  nucleic  adds. 


The  Streptomyces  metabolite  2-crotonyloxymcihyK4/y/?,6/?)- 
4,5 ,6-trihydroxy-2-cyclohexenone  (COTC,  la.  Scheme  l)1*2 


Scheme  1 


and  its  simpler  synthetic  analogue  2-crotonyloxymethyl-2- 
cyclohexenone  (COMC,  lb)3  both  exhibit  potent  antitumor 
activity  against  murine  and  human  tumors  in  culture. 
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Compound  la  is  somewhat  more  active  (IQo  —  0.5— 19 //M) 
than  lb  (IC*,  =  3-44  pM)?  In  1975,  Takeuchi  et  aL 
attributed  the  antitumor  activity  of  la  to  its  putative 
glutathione  (GSH)  adduct  2a,  which  was  proposed  to  inhibit 
the  enzyme  glyoxaJase  1  (Glxl).1 

Glyoxalasc  1  plays  a  pivotal  role  in  detoxifying  intracellular 
methylglyoxal,  which  is  formed  during  normal  carbohydrate 
metabolism.4  Indeed,  certain  inhibitors  of  human  Glxl,  the 
most  potent  of  which  are  enediol  transition  stale  analogue 
inhibitors,  have  been  shown  to  retard  the  growth  of  both 
murine  and  human  tumors  in  culture  and  in  tumor-bearing 
mice  by  causing  die  accumulation  of  intracellular  methyl- 
glyoxal.5*6 

While  a  priori  quite  plausible,  the  “prodrug”  hypothesis 
of  Takeuchi  et  al.  for  the  antitumor  action  of  COTC  and 
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.COMC  has  never  been  tested.  Recently,  an  authentic  sample 
of  2a  was  prepared  by  independent  synthesis  and  shown  to 
be  a  modest  inhibitor  of  GlxL7 

We  have  now  prepared  and  tested  2b  against  human 
erythrocyte  Glxl  and  report  that,  like  2a,  it  is  several  orders 
of  magnitude  weaker  than  other,  mechanism-based,  Glxl 
inhibitors  that  display  potent  antitumor  activity.56  To  estab¬ 
lish  an  alternative  mode  of  tumor  toxicity  for  COTC  and 
COMC,  we  have  developed  a  short  and  efficient  synthesis 
of  lb  and  have  now  demonstrated  that  it  is  a  substrate  for 
glutalhionyl  transferase,  an  enzyme  that  is  widely  distributed 
in  mammalian  tissue. 

Here  we  show  that  glutathionyl  transferase  catalyzes  a 
conjugate  addition  of  GSH  to  lb  with  concomitant  elimina¬ 
tion  of  crotonic  acid  leading  to  3-glutathionyl-2-exomethyl- 
enecyclohexanone  3  (Scheme  2),  a  reactive  intermediate  that 


Scheme  2 


has  now  been  isolated  and  characterized  for  the  first  time. 
Trapping  studies  with  amino  acids  and  nucleotides  support 
the  hypothesis  that  3  can  react  with  and  covalently  modify 
reactive  groups  on  proteins  and  DNA  that  may  be  critical  to 
cell  viability. 

Scheme  3  depicts  a  simple  and  efficient  synthesis  of  lb 
that  is  superior  to  the  earlier  reported  seven-step  procedure.3 
Baylis— Hillman  reaction  of  2-cyclohexenone  4  with  form¬ 
aldehyde  afforded  2-hydroxymethyl-2-cyclohexenone  5,8 
which  was  then  cnotonylated  to  lb  following  the  literature 
procedure.3 


(a)  DMAP,  CH2O,  THF,  it  65%;  (b)  crotonic  anhydride,  pyridine, 
DMAP,  it  92%. 


The  GSH  conjugate  2b  was  prepared  from  lb  by  adapting 
the  procedure  for  making  2a  from  la.7  The  NMR  spectrum 
of  2b  featured  the  expected  ghrtathionyl  resonances  and  the 
downfield  resonance  (<5  7.12,  triplet)  characteristic  of  H3  in 
/?,y-unsubstituted  2-cyclohexenones. 

Kinetic  studies  with  human  erythrocyte  Glxl  (sodium 
phosphate  buffer,  pH  7.0,  25  °C)  indicated  that  2b  was  a 
competitive  inhibitor  of  the  enzyme,  with  a  dissociation 
constant  IQ  =  107  =t  l  We  have  previously  reported 


that  2a  competitively  inhibited  human  erythrocyte  Glxl,  with 
a  dissociation  constant  Kt  —  183  ±  6  [iM? 


Figure  1.  Reciprocal  plot  of  the  velocity  of  the  glyoxalase  I 
reaction  (AOD?*,)  versus  die  concentration  of  GSH-methylgtyoxal- 
thiohemiacetal  (S)  in  the  absence  and  presence  of  different 
concentrations  of  2b.  In  each  kinetic  ran,  die  concentration  office 
GSH  was  maintained  at  0.2  mM  by  varying  the  total  concentration 
of  GSH  and  mediylglyoxal  on  die  basis  of  die  dissociation  constant 
of  the  hemithioacetal  (K^  —  2.2  mM).9  Conditions:  50  mM 
phosphate  buffer,  pH  7.0,  25  °C. 


To  investigate  the  mechanism  of  formation  of  2b,  the 
nonenzymatic  reaction  of  lb  with  GSH  was  monitored 
spectrophotometrically  and  followed  a  simple  first-order 
decay  (Figure  2,  trace  A).  No  intermediate  species  was 
detectable.  However,  in  the  presence  of  human  placental 
glutathione  transferase  (GSTP1  -l)10  the  reaction  rate  profile 


Figure  2.  Spectrophotometrically  determined  rates  of  reaction  of 
GSH  (1.03  mM)  with  lb  (0.05  mM)  (A)  in  the  absence  of  GSTP1-1 
( k  —  0.070  ±  0.0002  min-1);  (R)  in  the  presence  of  1.8  units  of 
GSTP1-1  (*i  =  0.882  ±  0.055  min-1;  fe  =  0.633  db  0.053  min-1); 
and  (C)  in  the  presence  of  2.4  units  of  GSTP1-1  (1|  —  1.33  ± 
0.037  min-1;  Jb  —  0.685  db  0.024  min-1).  Conditions:  100  mM 
phosphate  buffer,  0.05  mM  EOT  A,  pH  6.5,  25  °C. 
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,  conformed  to  a  double  exponential  decay,  composed  of  a 
rapid,  enzyme-dependent,  initial  phase  involving  lb  followed 
by  a  slower  enzyme-independent  first-order  phase  (Figure 
2,  traces  B  and  C). 

This  finding  was  consistent  with  die  mechanism  shown 
in  Scheme  4,  whereby  an  initial,  enzyme-catalyzed  Michael 


addition  of  GSH  to  lb  afforded  the  exocyclic  enone  3.  Once 
dissociated  from  the  enzyme,  free  3  reacted  with  GSH 
nonenzymaticafly  to  form  2b. 

When  lb(0.1  mM)  was  incubated  with  cysteine  (0.5  mM) 
and  GSH  (0.5  mM)  in  the  presence  of  GSTP1-1  (1.5  units) 
for  30  min  and  the  reaction  mixture  was  fractionated  by 
reverse-phase  HPLC,  thiol  adducts  2b  and  4  were  isolated. 
On  the  basis  of  die  integrated  intensities  of  the  well-resolved 
peaks  corresponding  to  4  (- — -9.5  min)  and  2b  (~l  1-5  min), 
the  product  ratio  in  the  presence  of  GSTP1-1  was  identical 
to  that  obtained  from  a  nonenzymatic  incubation  of  lb  with 
the  same  concentrations  of  cysteine  and  GSH  (Figure  3). 


-GST 


Figure  3.  Fractionation  of  product  mixtures  in  the  absence  and 
presence  of  GSTPJ  -1  by  reverse-phase  HPLC  (Waters,  //-Bondapak 
Cia,  0.78  x  30  cm). 


That  finding  indicated  that  3  dissociated  from  the  enzyme 
prior  to  reacting  with  the  free  thiols  in  solution  and  was 
consistent  with  the  mechanism  in  Scheme  4.  Adduct  2b  (0.5 
mM)  was  stable  under  the  reaction  conditions,  undergoing 
less  than  1%  conversion  to  4  in  the  presence  of  cysteine  (2.5 
mM)  over  27  h,  as  determined  by  HPLC. 

Initial  rates  of  reaction  of  la  and  lb  with  GSTP1-1  were 
determined  from  reciprocal  plots  of  initial  velocities  (AOP235/ 
min),  versus  [substrate]  in  buffered  solution  at  pH  6.5,  with 
[GSH]  =  1  mM  (25  °Q.  Under  those  conditions,  the 
enzyme-catalyzed  GSH  addition  became  rate  determining 
(<0.0l  units  of  transferase  in  the  assay  cuvettes).  For  lb, 
Ac*  =  1.2  ±  0.2  s'1  and  =  52  ±  10  ^M  For  la,  the 
individual  kinetic  constants  could  not  be  accurately  deter¬ 
mined,  although  kJKm  was  estimated  to  be  83-fold  lower 
than  that  of  lb. 

Brief  incubation  of  a  mixture  of  lb,  GSH,  and  GSTP1-1 
gave  rise  to  a  transient  intermediate  that  could  be  isolated 
by  reverse-phase  HPLC,  with  a  retention  time  close  to  that 
of  synthetic  2b.  The  kinetic  properties  of  this  species  suggest 
that  it  is  an  obligatory  intermediate  associated  with  the 
enzymatic  conversion  of  lb  to  2b.  When  this  species  is 
combined  with  cysteine  in  buffered  solution  (pH  7),  a  new 
species  is  produced  that  comigrates  with  authentic  4. 
Moreover,  incubation  of  this  intermediate  species  with  excess 
GSH  (1.04  mM)  in  potassium  phosphate  buffer  (0.1  M,  pH 
6.5)  at  25  °C  results  in  a  first  order  increase  in  OD735  with 
a  rate  constant  of  0.87  ±  0.08  min*1  similar  in  magnitude 
to  that  associated  with  the  second  phase  of  the  transferase- 
catalyzed  conversion  of  lb  to  2b,  Figure  2.  The  absorptivity 
of  the  intermediate  (6235  —  4300  cnT1  M"1)  is  significantly 
less  than  that  of  die  final  product  2b  (6235  —  7500  cm1  M"1), 
which  accounts  for  the  overall  shape  of  the  reaction-rate 
profile  in  the  presence  of  transferase  (Figure  2). 

The  600-MHz  lNMR  spectrum  of  the  intermediate  was 
consistent  with  the  structure  of  3  (Figure  4).  The  vinyl  proton 
resonances  at  5.76  and  5.29  ppm  were  characteristic  of 
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Figure  4.  The  600-MHz  'H  NMR  spectrum  of  intermediate  3. 
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geminai  vinylic  hydrogens  and  consistent  with  published 
NMR  spectra  of  several  closely  related  2-methylenecyclo- 
hexanones.1 1  Other  resonances  in  die  spectrum  corresponded 
to  those  expected  for  die  tripeptide  moiety.12  The  resonance 
at  d  7.12  indicated  the  presence  of  2b,  which  was  formed  in 
the  transferase-independent  addition  of  GSH  to  3. 

Comparative  date  analysis  suggested  that  the  potent 
antitumor  activities  of  COTC  (la)  and  COMC  (lb)  could 
not  be  rationalized  by  the  biological  activity  of  2a  and  2b, 
respectively,  which  are  weak  competitive  inhibitors  of  human 
erythrocyte  Ghd.  Earlier  in  vitro  studies  on  enediol  analogue 
inhibitors  of  Glxl  that  inhibited  the  growth  of  L1210  and 
B 16  melanotic  melanoma  as  ester  prodrugs  revealed  Kt  values 
against  Glxl  in  the  submicromolar  range.6  In  fact,  a  direct 
correlation  was  observed  between  the  K%  values  of  the 
prodrugs  against  Glxl  and  their  corresponding  antitumor 
activities,  as  measured  by  IC50  values.  For  example,  the 
weakest  Glxl  inhibitor  in  that  study  (Ki  ~  0. 16  //M)  displayed 
an  IC50  value  >  100  /xM.  On  die  basis  of  that  correlation, 
the  potent  antitumor  activity  of  lb  (IC50  “  0.5—19  jxM)  is 
inconsistent  with  die  hypothesis  of  Takeuchi  et  aL  attributing 
antitumor  activity  to  the  action  of  2b  as  Glxl  inhibitor  (Kt 
=  107  fiMy 


(7)  Huntley,  C.  F.;  Hamilton,  D.  S.;  Creighton,  D.  J.;  Ganem,  B.  Org. 
Lett  2000,  2 ,  3143-3144. 

(8)  Rezgui,  F4  EJ  Gaied,  M.  M.  Tetrahedron  Lett  1998, 39,  5965-5966. 

(9)  Hamilton,  D.  S.;  Creighton,  D.  J.  /  Biot.  Chem.  1992, 267,  24933— 
24936. 

(10)  Predominantly  the  pi  or  PI- 1  isoform,  purchased  from  Sigma 
Chemical  Company.  Salts  mid  free  GSH  were  removed  by  ultrafiltration. 
Units  of  transferase  activity  were  determined  using  l-ditoro-2,4Hdmitroben- 
zene  as  substrate:  Mannervik,  B.;  Danielson,  U.  H.  CriL  Rev.  Biochem 
1988,  23,  283-337. 

(1 1)  Tamura,  R„  Watabe,  K„  Ono.  N„  Yamamoto,  Y.  J.  Org.  Chem. 
1992,  57,  4895-4903. 

(12)  Rabenstem,  D.  Ketre,  D.  A.  In  Coenzymes  and  Cofartors: 
Glutathione ;  Dolphin.  D.,  Poulson,  R.,  Avramovic,  O.,  Eds,;  John  Wiley: 
New  York,  1989;  Vol.  3,  Part  A,  pp  67-101. 


Besides  providing  insight  into  the  mechanism  of  addition 
of  GSH  to  COMC,  the  formation  of  3  enzymatically  from 
lb  also  offers  an  attractive  ahemative  biological  mechanism 
for  the  tumoricidal  activity  of  both  COTC  and  COMC.  It 
may  now  be  hypothesized  that  la  and  lb  are  enzyme- 
activated  prodrugs  in  which  the  crotonate  ester  serves  as  a 
leaving  group,  in  a  process  triggered  by  gfutethionyl  trans¬ 
fers se.  M  ethyl  enecycl oh  exanones  such  as  3  are  known  to 
be  highly  reactive  Michael  acceptors11  and  can  function  as 
carcinostatic  agents  by  reacting  with  proteins  and  nucleic 
acids  critical  to  cell  function.  Besides  the  thiol  adducts 
documented  here,  covalent  adducts  between  lb  and  model 
polynucleic  acids  in  the  presence  of  GSTP1-1  have  been 
detected  by  mass  spectrometry.13 
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ABSTRACT 


Mass  spectral  date  are  presented  mficating  that  die  antitumor  agent  2-crotonytox^^  (COMC)  is  capable  of  aftylating 

otigomidcolides  via  a  mechatism  mvolwng  an  etedrophftc  exocycic  enone  kttecmetfarte.  Under  physkdogral  condtons,  the  exocycfic  enone 
is  Kdy  die  gfaMttianyiated  2-exomeftyte^^  This  supports  a  recent  hypothesis  that  die  antitumor  activity  of  COMC  arises 

from  afcytation  of  nudeic  adds  and/or  proteins  critical  to  ceO  function  and  not  from  competitive  inNbiion  of  gfyoxalase  I  by  an  adduct  of 
COMC  and  ghitatirione. 


2-€rotonyloxymethyl-2-cyclohexenonc  (COMC,  1)  is  a 
synthetic  analogue  of  the  Streptomyces  metabolite  2-croton- 
yloxymethyl-(4/?,5/f,6/f)-4>5,6-trihydroxy-2-cyclohexenone 
(COTC).,t2  Both  compounds  exhibit  potent  antitumor  activily 
in  vitro  and  in  vivo?  Early  investigators  proposed  that 
antitumor  activity  might  arise  from  competitive  inhibition 
of  die  methylglyoxaJ  detoxifying  enzyme  glyoxalase  I  by 
die  covalent  adducts  resulting  from  displacement  of  crotonate 
by  intracellular  glutathione  (GSH).1 

The  recent  development  of  simple,  high-yield  synthetic 
routes  to  the  GSH  adducts  of  COMC/COTC  allowed  a 
careful  quantitative  assessment  of  their  ability  to  inhibit 
human  glyoxalase  L4*5  Surprisingly,  the  adducts  proved  to 
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be  relatively  poor  inhibitors  of  human  glyoxalase  I,  casting 
serious  doubts  on  the  involvement  of  the  enzyme  in  the 
antitumor  activity  of  COTC/COMC.  Kinetic  measurements 
and  intermediate  trapping  experiments  also  indicated  that  the 
mechanism  of  formation  of  the  GSH  adducts  involves  a 
multistep  mechanism  (Scheme  1)  in  which  COMC  (1) 
undergoes  an  initial  Michael  addition  by  1  equiv  of  GSH  to 
give  a  highly  reactive  exocyclic  enone  (3),  a  process  that  is 
catalyzed  by  human  GSH  transferase  (hGST).4  The  inter¬ 
mediate  then  reacts  with  a  second  equivalent  of  GSH  to  give 
the  final  product  (5).  This  chemistry  might  also  account  for 
the  cytotoxicity  of  COMC,  as  the  exocyclic  enone  is  likely 
to  react  with  nucleophilic  groups  on  nucleic  acids  and 
proteins  inside  cells.  Indeed,  DNA  alkylation,  in  particular, 
provides  a  plausible  mechanism  of  cytotoxic  activity,  which 
is  shared  by  a  large  number  of  chemical  carcinogens  and 
cross-linking  antitumor  agents.6  7  Here  we  present  direct 
evidence  in  support  of  this  chemical  mechanism  in  the  case 
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Scheme  1 


of  COMC.  The  formation  in  vitro  of  a  reactive  ghitathionyl 
exocyclic  enone  intermediate  and  its  ability  to  produce 
adducts  with  nucleic  acids  has  been  confirmed  by  direct  mass 
spectrometric  analysis  of  the  reaction  mixtures. 

Direct  infusion  electrospray  ionization  with  an  ion  cyclo¬ 
tron  resonance  (ICR)  analyzer8’9  was  employed  to  identify 
the  products  of  the  in  vitro  reaction  of  COMC  with  GSH 
and  with  dinucleotides  and  oligonucleotides.10  Generally, 
reaction  mixtures  were  made  up  in  10  mM  ammonium 
acetate  buffer  (pH  7.0)  containing  3.3  mM  COMC,  1.3  mM 
GSH,  and  1 .3  mM  dinucleotide  or  oligonucleotide.  Reaction 
mixtures  were  incubated  at  mom  temperature  for  ap¬ 
proximately  1  h,  quenched  by  the  addition  of  one  volume 
of  methanol,  and  stored  at  —20  °C. 

For  a  reaction  mixture  containing  COMC  and  GSH, 
protonated  ions  corresponding  to  the  species  shown  in 


(8)  Comisarow,  M.  B.;  Marshall,  A.  G.  Chem.  Phys .  Lett  1974a,  25, 
282—283. 
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Rev.  1998,  17,  1-35. 

(10)  Mass  spectrometric  analyses  were  performed  on  a  Broker  Daltonics 
(Billerica,  MA)  Apex  III  Fourier  Transform  mass  spectrometer  (FT-MS) 
equipped  with  a  7T  actively  shielded  superconductive  magnet  and  Apollo 
electrospray  ionization  (ESI)  source.  Positive  km  determinations  were 
obtained  in  water,  methanol,  glacial  acetic  acid  (49:49:2);  negative  km 
determinations  in  methanol  and  10  mM  ammonium  acetate  (1 :1).  Solutions 
were  continuously  infused  through  a  syringe  pump  at  a  flow  rate  of  2//JL/ 
min.  Tandem  experiments  were  performed  by  sustained  off-resonance 
irradiation  (SORJ)  of  selected  precursor  ions.  Intensity  and  duration  of  off- 
resonance  irradiation,  type  and  pressure  of  collision  gas  (Ar),  and  duration 
of  foe  collisions!  step  were  kept  constant 


Figure  I.  Positive  ion  mode  ESI  FT-MS  spectrum  of  die  product 
mixture  initially  composed  of  COMC  and  GSH  in  the  presence  of 
1.2  units  human  glutathione-S-transferase,  under  the  conditions 
given  in  die  text. 


Scheme  l  (Nut  =  Nu2  =  GSH)  were  detected  in  positive 
ion  mode  (Figure  1).  The  same  spectrum  was  obtained  in 
the  presence  of  1 2  units  of  hGST.u  For  each  signal,  the 
experimental  mass  over  charge  (iw/z)  value  was  in  excellent 
agreement  with  die  calculated  monoisotopic  mass  (Table  l). 


Table  1.  Summary  of  die  Molecular  Mass  Determination  of 
Reaction  Products  of  COMC  with  GSH  and  Guanosylyl 
(3'~  S')  Adenosine  (GA) 


product 

elemental 

composition 

(neutral) 

expected 

monoisotopjc 

mass 

observed 

monoisotopic 

mass* 

COMC,  I 

C11H14O3 

195.1021* 

195.1007* 

GSH 

CtoHuNaOeS 

308.0916* 

308.0913* 

species  3,5 

CuHzsNaOzS 

416.1491* 

416.1486* 

species  2 

C21H31 N3O9S 

502.1859* 

502.1856* 

GA 

CajHzsNidOiiP 

611.1364* 

611.1140° 

GSSG 

C^HazNePizSz 

613.1598* 

613.1593* 

GA-fhex4* 

C27H33N  KoOtzP 

719.1939° 

719.1888° 

species  4 

CzrHcNgOiaSz 

723.2330* 

723.2343* 

GA+COMC 

C3tH3aNioOt4P 

807.2463* 

807.2472* 

CA+GSH+hexrf  Cj/HsoN.sOigPS 

1 026.278° 

1026.240° 

2GA+hexrf 

C47H58N20OZ3P2 

1331.338° 

1331.258° 

°  The  average  mass  accuracy  was  determined  to  be  1 2  ppm.  6  Protonated 
([M  +  Hf)  species  observed  in  positive  ion  mode.  r  Deprotonated  (|M  — 
II]  )  species  observed  in  negative  km  mode.  rf2-Metbylene-2-cycIobex- 
enane. 


Ions  were  detected  for  starting  reagents  COMC  and  GSH, 
together  with  oxidized  glutathione  (GSSG),  which  was  also 
present  in  die  initial  stock  solution  of  GSH.  Adduct  2,  either 
as  the  enol-  or  keto-tautomer,  gave  a  weak  but  recognizable 
signal.  The  1  h  reaction  time  is  sufficient  for  the  reaction  to 
go  nearly  to  completion  but  is  probably  short  enough  to  allow 
for  the  detection  of  some  residual  keto-tautomer  arising  from 


(ll)hGST  was  purchased  from  Sigma  Chem.  Co.  and  is  composed 
primarily  of  the  GSTPl-l  isozyme. 
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Figure  2.  (A)  Positive  ion  and  (B)  negative  ion  mode  ESI  FT-MS 
spectra  of  the  product  mixture  initially  composed  of  COMC,  GA, 
and  GSH.  The  abbreviation  “hex”  indicates  the  alkylating  2-me- 
thylene-2-cyclohexenone  groups, 

Ae  unstable  enol  species  formed  along  the  reaction  pathway. 
Similarly,  the  GSH  bis-adduct  4  is  most  likely  detected  as 
the  mote  stable  keto-tautomer. 

The  isobaric  (same  mass)  species  3  and  5,  having  the  same 
elemental  composition,  could  not  be  distinguished  on  the 
basis  of  an  accurate  mass  determination.  In  an  analogous 
way,  tandem  mass  spectrometry  proved  unsuccessful,  as  the 
ion  corresponding  to  the  3/5  species  gave  a  fragmentation 
pattern  in  reasonable  agreement  with  either  structural  isomer. 
Nevertheless,  the  detection  of  ions  corresponding  to  both  2 
and  4  strongly  argues  for  the  Michael  addition  mechanism 
shown  in  Scheme  L  Therefore,  a  simple  S*2  mechanism 
seems  inconsistent  with  the  mass  spectral  data. 

To  assess  the  reactivity  of  2-cyclohexenone  derivatives 
with  nucleic  acids,  COMC  and  GSH  were  incubated  in  the 
presence  of  ribo-dinucleotides12  of  different  base  composi¬ 
tion.  The  products  of  the  reaction  with  guanosylyl(3'-5')- 
adenosine  (GA)  are  shown  in  Figure  2  and  summarized  in 
Table  l.  As  expected,  species  2,  3/5,  and  4  (with  Nuj  — 
Nu2  =  GSH)  are  readily  recognizable  in  the  reaction  mixture 
analyzed  in  positive  ion  mode  (Figure  2  A).  However,  only 
weak  signals  could  be  detected  for  protonated  GA  and  GA- 
adducts.  A  more  favorable  signal-to-noise  ratio  was  obtained 
in  negative  ion  mode  (Figure  2B),  due  to  the  negatively 
charged  phosphate  of  the  nucleotide  function.  The  switch 
of  polarity  allowed  the  detection  of  abundant  GA-COMC 
adducts  (with  Nui  =  Nu2  =  GA)  and  bis-adducts,  with  and 
without  GSH  (4,  Nu^  =  GSH  and  including  either  Nui  = 
Nu2  =  GA,  or  different  permutations  of  Nu?a  =  GA, 
respectively). 

(12)  Di-  and  oligonucleotides  were  purchased  from  die  Keck  DNA 
Synthesis  Facility  of  Yale  University  and  used  without  further  purification. 
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Figure  3.  Collision-induced  dissociation  spectra  of  (A)  deproto- 
nated  GA  and  (B)  deprotonated  COMC-GA  adduct  To  facilitate 
tiie  interpretation,  the  putative  structure  with  the  proposed  frag¬ 
mentation  pattern  is  included.  The  abbreviation  “hex”  indicates  the 
2-methylene-2-cyck>hexenone  group. 


It  is  important  to  note  that  GSH  is  not  a  strict  requirement 
for  adduct  formation  with  the  dinucleotides,  as  the  bis-adduct 
[GA2  +  hex-H]“  is  present  in  the  spectrum  shown  in  Figure 
2B.  Indeed,  when  the  reaction  is  repeated  in  the  absence  of 
GSH,  both  the  mono-  and  bis-adducts  of  the  dinucleotides 
are  observed  (data  not  shown). 

To  identify  the  functional  group(s)  involved  in  the  alky¬ 
lation  process,  the  dinucleotides  AA,  GG,  CC,  UU,  and  TT 
(as  2/-deoxy-ribonucleotides)  were  tested  with  COMC.  All 
substrates  produced  adducts  with  the  exception  of  UU  and 
TT.  Thus,  tiie  likely  sites  of  alkylation  are  the  exocyclic 
amino  groups  of  the  nitrogenous  bases,  which  are  known  to 
be  favorable  targets  of  electrophilic  attack  by  genotoxic 
carcinogens.13 

As  one  of  the  leading  techniques  employed  to  identify 
nucleic  acids  modifications  and  to  localize  the  sequence 
position  of  covalently  modified  bases,14 15  tandem  mass 
spectrometry  was  applied  here  to  characterize  the  COMC- 
GA  conjugate.  Initially,  collision-induced  dissociation  was 
performed  on  GA,  which  showed  the  normal  fragmentation 
pattern  provided  by  nucleic  acids  (Figure  3A).  Typically, 
the  nitrogenous  base  at  the  5'-end  is  lost  through  facile 
cleavage  of  the  N-gJycosidic  bond  between  C-Y  of  the 
pentose  and  N-9  of  the  base.16"18  Subsequently,  the  bond 

(1 3)  Phillips,  D.  H.  In  The  Molecular  Basis  of  Cancer,  Farmer,  P.  B„, 
Walker,  J.  M.,  Eds.;  Witey-lnterscieoce:  London,  UK,  1985;  pp  133—179. 

(14) Bany,  J.  P.;  Vouros,  P.;  Van  Scbepdael,  A.;  Law,  S.-J.  X  Mass 
Spectrom.  1995,  30,  993-1006. 

(15)  Beck,  l  L,;  Colgrave,  ML  L.;  Ralph,  S.  F.;  Sheil,  M.  M  Mass 
Spectrom,  Rev.  2001, 20,  61-87. 
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Figure  4.  Negative  ion  mode  ESI  FT-MS  spectra  of  the  reaction 
of  COMC  with  (A)  the  i6mer  oligonucleotide  EY2  (ACG  GAC 
CGG  CGT  ACG  C)  and  (B)  a  duplex  formed  after  annealing  with 
its  complementary  EY 1  (GCG  T AC  GCC  GGT  CCG  T).  Only  the 
region  including  the  —4  charge  state  is  shown  lor  better  comparison. 


between  C-3'  and  0-3'  of  the  abasic  pentose  is  cleaved, 
causing  the  scission  of  the  phosphodiester  backbone  and 
producing  the  sequence  ions  employed  for  gas-phase  se¬ 
quencing  of  nucleic  acids.16"18 

In  the  case  of  GA,  the  initial  fragmentation  event  resulted 
in  the  formation  of  the  species  indicated  as  G  and  its 
complementary  ion  — G  (depending  on  which  moiety  retained 
the  charge  when  scission  was  complete),  and  then  the 
sequence  ion  W|  was  formed  by  loss  of  the  abasic  pentose. 
The  loss  of  adenine  base  was  also  observed,  although  with 
lower  abundance  than  the  loss  of  guanine,  but  the  cleavage 
of  die  C — O  bond  at  the  3'  end  was  not 

The  fragmentation  pattern  provided  by  the  COMC-GA 
adduct  followed  the  same  pattern,  but  the  mass  of  charac¬ 
teristic  fragments  was  shifted  by  the  addition  of  COMC, 
helping  to  locate  the  2-methylene-2-hexenone  group  on  the 
guanine  base  (Figure  3B).  In  particular,  guanine  base  was 
lost  as  alkylated  guanine  and  detected  as  (G+hex)  or  as  the 
complementary  ion  —(G+hex).  The  loss  of  nonalkylated  base 
G  was  also  observed  and  could  be  explained  by  consecutive 
cleavage  reactions  including  the  loss  of  COMC.  To  the 
contrary,  adenine  was  only  lost  as  unmodified  base  A. 
Moreover,  the  sequence  ion  W|  (encompassing  the  3'- 


(16)  McLuckey,  S.  A.;  Hahibi-Goodarzi,  S.  J.  Am,  Chem,  Soc.  1993, 
JJ5 ,  12085-12095. 

(1 7)  Little,  D.  P.;  Chorasb,  R~  A.;  Spier,  J.  P.;  Senko,  M.  W.;  Kelfeber, 
N.  L4  McLafFerty,  F  W.  J.  Am,  Chem,  Soc.  1994,  JJ6,  4893-4897. 

(18)  Ni,  J.;  Pomerantz,  C.;  Rozenski  J.;  Zhang,  Y.;  McCloskey  J.  A 
Anal.  Chem .  1996,  68,  1989-1999. 


adenylyl  moiety)  afforded  the  same  mass  observed  for 
COMC-free  GA,  thus  excluding  the  possibility  of  alkylation 
on  the  3'-nucleotide. 

The  specificity  of  COMC  was  also  evaluated  with  oligo¬ 
nucleotides  of  different  length  and  base  composition,  either 
in  their  single  stranded  form  or  annealed  with  their  comple¬ 
mentary  oligonucleotide  to  form  a  duplex.  For  example, 
adduct  formation  was  readily  observed  when  the  single 
stranded  DNA  L6mer  EY2  (ACG  GAC  CGG  CGT  ACG  Q 
was  treated  with  COMC  (Figure  4A).  The  molecular  mass 
was  determined  to  be  4889.815  Da  (4889.850  Da  calculated 
from  sequence  for  the  12C  monoisotopic  species)  for  the 
starting  16mer  and  4997.901  Da  (4997.907  Da  from  se¬ 
quence)  for  the  alkylated  product  However,  when  the  same 
reaction  was  carried  out  after  annealing  of  EY2  with  the 
complementary  16mer  EYl  (GCG  TAC  GCC  GGT  CCG 
T),  no  alkylation  was  detected  on  either  strand  (Figure  4B). 
This  finding  suggests  that  the  COMC  function  is  attached 
to  an  exocyclic  amino  group,  which  is  sterically  protected 
by  base  pairing  in  the  duplex  oligonucleotide,  and  effectively 
rules  out  the  purines  C8  position  as  a  possible  reactive  site 
for  cyclohexenone  addition. 

In  conclusion,  COMC  forms  stable  adducts  in  vitro  with 
GSH  and  with  nucleic  acids.  Adducts  can  form  by  either 
enzymatic  or  nonenzymatic  pathways,  following  the  addi¬ 
tion— elimination  mechanism  shown  in  Scheme  1.  This 
mechanism  is  strongly  supported  by  the  observation  of  key 
intermediates  along  the  reaction  pathway. 

Alkylation  of  nucleic  acids  occurs  both  in  the  presence 
and  in  the  absence  of  GSH/hGST  and  follows  the  same 
general  reaction  pathway.  The  site  of  alkylation  appears  to 
be  the  exocyclic  amino  groups  of  adenine,  cytosine,  and 
guanine.  Future  confirmation  by  other  means  of  structural 
determination  (eg.,  NMR)  would  be  desirable.  Conceivably, 
2-hexenone  derivatives  may  exhibit  sequence  specificity,  on 
the  basis  of  the  observation  that  COMC  preferentially 
modifies  guanine  in  GA.  Indeed,  genotoxic  alkylating  agents 
have  previously  been  reported  to  exhibit  specificity  toward 
GC-rich  regions  in  oligonucleotides.19  This  observation 
suggests  the  possible  existence  of  hypersensitive  motifs 
toward  alkylation  by  COMC  and  its  derivatives. 

Finally,  the  observations  reported  here  clearly  suggest  that 
the  cytotoxic  activity  of  COMC  and  its  derivatives  may  well 
arise  from  alkylation  of  polynucleic  acids  critical  to  cell 
function.  Given  the  high  concentration  of  GSH  in  cells  under 
physiological  conditions,  GSH  is  likely  to  be  involved  in 
tiie  initial  activation  step  (Scheme  1).  However,  a  clear 
assessment  of  GSH/GST  activation  vs  direct  COMC  alky¬ 
lation  will  require  kinetics  investigations. 
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In  Vitro  Antitumor  activity  of  endocyclic  enone  compounds:  2-crotonyloxymethyl-2-cyclohexenone 
(COMC-6),-cyclopentenone  (COMC-5)  or  -cycloheptenone  (COMC-7)  in  B16  murine  melanoma  and  HT29 

human  colon  adenocarcinoma 

Erin  Joseph,  Julie  L.  Eiseman,  Diana  S.  Hamilton,  Heel<yung  Tak,  Bruce  Ganem,  Donald  J.  Creighton, 
University  of  Pittsburgh  Cancer  Institute,  Pittsburgh,  PA;  University  of  Maryland,  Baltimore  County, 

Baltimore,  MD;  Cornell  University,  Ithaca,  NY. 

The  antitumor  activity  of  2-crotonyloxymethyl-2-cyclohexenone  (COMC-6)  has  been  attributed  to  the 
intracellular  conjugate  of  glutathione  with  COMC-6  (COMCG),  which  might  inhibit  the  detoxifying 
enzyme,  glyoxalase  I.  In  order  to  test  this  hypothesis,  we  have  determined  the  in  vitro  cytotoxicity  of 
COMC-6;  COMCG(Et)2,  an  alternative  prodrug  which  is  the  diethyl  ester  of  COMCG;  COMC-5;  and 

COMC-7  against  B16  murine  melanoma  cells.  The  cytotoxicity  of  COMC-6  was  also  examined  in  HT29Par 
human  colon  adenocarcinoma  cells  and  HT29MDR  cells,  which  overexpress  p-glycoprotein.  Cytotoxicities 
were  determined  after  72  h  exposure  of  cells  in  culture  to  6  concentrations  of  each  compound.  Viability  was 
determined  by  tiypan  blue  exclusion  and  cells  were  counted  by  hemocytometer.  In  addition,  we  examined 
the  time  course  of  accumulation  of  COMCG  in  B16  cells  after  exposure  to  either  COMC-6  or 

COMCG(Et)2-  Accumulation  studies  were  carried  out  by  incubating  cells  with  50  ?M  compound  for  30  sec, 
10, 30, 60  or  120  min.  Cells  were  spun  through  silicone  oil  to  remove  extracellular  medium.  Cell  pellets 
were  lysed,  extracted  with  ethanol,  and  fractionated  by  HPLC.  The  IC50's  of  COMC-5,  COMC-6,  and 

COMC-7  in  B16  murine  melanoma  cells  were  respectively:  0. 14, 0.041,  and  0.029  ?M.  In  contrast, 
COMCG(Et)2  was  much  less  toxic  ( IC50, 460  ?M).  The  IC50  of  COMC-6  against  HT29par  human  colon 

adenocarcinoma  cells  was  0.81  ?M;  while  in  HT29MDR  cells  the  IC50  was  2.70  ?M,  a  change  of  only  3-fold 

compared  to  the  20-fold  difference  in  cytotoxicity  of  vincristine  under  the  same  conditions.  After  incubation 
with  COMC-6,  there  was  significant  intracellular  accumulation  of  COMCG  at  30  sec  and  10  min,  0.041  and 
0.074  nmol,  respectively.  However,  no  COMCG  was  detected  at  later  time  points.  After  incubation  with 
COMCG(Et)2,  COMCG  was  only  detected  at  30  sec  (0.037  nmol),  but  not  at  later  time  points.  Although 

both  COMC-6  and  COMCG(Et)2  result  in  intracellular  COMCG,  only  COMC-5,  COMC-6,  or  COMC-7  are 

toxic  to  the  cells.  This  suggests  that  cytotoxicity  may  arise  from  something  other  than  the  adduct,  perhaps  a 
reactive  intermediate  formed  during  conjugation.  Support:  DAMD17-99-1-9275. 
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RECEIVED  DATE  (will  be  automatically  inserted  after  manuscript 

is  accepted l 

The  hypothesis  that  die  antitumor  activity  of  2-croton>1ox\TOethyl-2- 
cyclohexeoone  (COMC-6)  is  associated  with  the  formation  of  its 
GSH  conjugate  (GSMC-6)  inside  tumor  cells  is  inconsistent  with 
recent  experimental  findings  The  diethyl  ester  prodrug  form  of 
GSMC-6  displays  little  antitumor  activity  with  B16  melanotic 
melanoma  (IC50  >  460  pM)  in  culture.  This  result  contrasts  with  the 
potency  of  COMC-6  (IC50  0.041  pM  )  and  its  corresponding  five- 
and  seven-membered  ring  homologues  COMC-5  (IC50  0.14  pM) 
and  COMC-7  (IC50  0.029  pM).  These  and  other  observations 
suggest  that  antitumor  activity  of  COMCs  is  linked  to  foe  formation 
of  an  electrophilic  exocyclic  enone  intermediate  formed  during 
conjugation  of  the  COMCs  with  GSH  inside  tumor  cells. 

The  Streptomyces  metabolite  2-crotonyloxymethyl  - 
(4R,5R,6R]M,5,6-tiihydm^-2-cyclohex^K)ne  (COTC)  and 
its  synthetic  analog  2-crotonyloxymethyl-2-cyclohexenone 
(COMC-6)  are  potent  antitumor  agents  against  both  murine 
and  human  tumors  in  culture  and  in  tumor-bearing  mice.1'3 
As  such,  these  compounds  have  attracted  considerable 
interest  as  synthetic  targets.  *”8  Early  investigators  proposed 
that  antitumor  activity  might  arise  from  competitive  inhibition 
of  foe  mefoylglyoxal  detoxifying  enzyme  gfyoxalase  1  (Gbd) 
by  foe  covalent  adducts  arising  from  foe  SN2  displacement  of 
crotonate  by  intracellular  glutathione  (GSH),  Scheme  l.1,3 


Scheme  I 


Gbd  plays  an  important  role  in  detoxifying  intracellular 
mefoylglyoxal,  which  is  formed  during  normal  carbohydrate 
metabolism  9'10  Indeed,  tight-binding  enediol  analogue 
inhibitors  of  Gbd  retard  foe  growth  of  both  murine  and 
human  tumors  in  culture  and  in  tumor-bearing  mice  ^  by 
causing  foe  accumulation  of  intracellular  mefoylglyoxal.11,  2 
However,  foe  inhibitors  showing  antitumor  activity  have  K* 
values  in  foe  nanomolar  concentration  range  with  human 
erythrocyte  Gbd.  In  contrast,  foe  GSH  adducts  of  COTC  and 
COMC-6  have  recently  been  shown  to  be  relatively  poor 
competitive  inhibitors  of  human  erythrocyte  Gbd,  with  Kj 
values  in  foe  100-200  pM  range.13,14  Therefore,  antitumor 


activity  is  unlikely  to  arise  from  inhibition  of  GlxL  However, 
this  finding  does  not  exclude  foe  possibility  that  foe  GSH 
adducts  are  toxic  to  tumor  cells  by  some  other  mechanism. 

In  order  to  test  this  possibility,  we  first  prepared  foe 
[glycyiglutamyf]  diethyl  ester  of  foe  COMC-6  adduct  of 
GSH  (GSMC-6(Et)2).  The  relative  antitumor  activity  of  this 
compound  was  then  compared  with  that  of  COMC-6. 
GSMC-6(Et)2  should  indirectly  deliver  GSMC-6  into  cells  by 
a  process  involving  diffusion  across  foe  cell  membrane 
followed  by  esterase-catalyzed  deefoylation  to  give  COMC-6 
This  prodrug  strategy  has  previously  been  used  to  deliver 
enediol  analogue  inhibitors  of  Glx-I  into  tumor  cells.11 

Accumulation  studies  confirmed  this  prediction.  B16 
melanotic  melanoma  in  tissue  culture  was  incubated  with  50 
pM  GSMC-6(Et)2  or  COMC-6  for  30  sec,  10,  30,  60,  or  120 
min.  As  a  function  of  time,  cell  pellets  were  lysed  with  70% 
aqueous  ethanol  and  fractionated  by  RPHPLC  (Water’s  Ctg, 
pBondapak  column,  7.8  i  d.  x  300  mm).  Good  base-line 
separation  of  metabolites  was  achieved  using  15%  aqueous 
methanol  as  a  running  solvent  Incubation  with  COMC-6 
showed  significant  accumulation  of  GSMC-6  at  30  sec 
(0.041  nmol/  107  cells)  and  10  min  (0.074  nmol/  107  cells). 
No  GSMC-6  was  detected  at  later  times.  Incubation  with 
GSMC-6(Et)2  showed  significant  GSMC-6  at  30  sec  (0.037 
nmol/107  cells,  but  not  at  later  times. 

While  incubation  of  B16  cells  with  either  of  these  species 
results  in  significant  intracellular  accumulation  of  GSMC-6, 
wily  COMC-6  shows  dramatic  antitumor  activity  with  an  IC50 
value  lO^-fold  that  of  GSMC-6(Et)2,  Fig  1. 


Figure  1.  Growth  inhibition  of  B16  cells  in  the  presence  of  COMC- 
6  and  GSMC-6(Et)2.  Methods:  B16  (2  x  104  cells)  were  plated  in  24 
well  plates  containing  RPMI  1640/10%  bovine  calf  serum,  10 
Hg/ml  gentamicin  and  incubated  at  37°C  under  an  atmosphere  of  5% 
CO2  and  95%  humidified  air.  Drug  was  added  at  the  indicated 
concentrations.  After  72  h,  cells  were  tiypsinized,  concentrated  and 
counted  by  trypan  blue  exclusion  using  a  hemocytometer.  IC50  values 
are  the  mean  ±  standard  deviation  of  triplicate  determinations  carried 
out  in  3  separate  assays  on  different  days.  IC50  values  were 
calculated  using  the  Hill  equation  and  the  program  Adapt16. 


Therefore,  foe  antitumor  activity  of  COMC-6  cannot  simply 
be  due  to  foe  adduct  GSMC-6,  but  must  arise  either  directly 
from  unconjugated  COMC-6  or  from  an  intermediate  formed 
during  foe  conjugation  reaction  between  GSH  and  COMC-6. 

With  regard  to  foe  latter  possibility,  kinetic  studies  and 
intermediate  trapping  experiments  showed  that  conjugation 


results  from  a  multi-step  process  involving  Michael  addition 
of  GSH  to  COMC-6  to  give  a  highly  reactive  exocyclic 
enone,  which  subsequently  reacts  with  GSH  in  bulk  solvent 
to  give  GSMC-6,  Scheme  2.14 


Scheme  2 


COMC-6  exocyclic  enone  GSMC-6 


This  was  first  revealed  by  Ae  observation  that  human 
placental  GST  efficiently  catalyzes  die  initial  Michael 
addition  reaction,  giving  rise  to  biphasic  kinetics  wherein  the 
second  step  is  rate  determining.  Indie  absence  of  enzyme,  die 
rate  constant  for  reaction  of  GSH  with  die  exocyclic  enone  is 
about  12-fold  larger  than  dial  for  reaction  of  GSH  with 
COMC-6.  Therefore,  the  antitumor  activity  of  COMC-6 
could  reasonably  result  from  reaction  of  die  exocyclic  enone 
with  proteins  and/or  nucleic  acids  critical  to  cell  function. 
Indeed,  this  hypothesis  is  supported  by  mass  spectral  studies 
indicating  that  COMC-6  alkylates  model  oligonucleotides  in 
the  presence  of  GSH  via  a  mechanism  in  which  die  exocyclic 
enone  is  probably  the  alkylating  species.17 

The  respective  5-  and  7-membered  ring  homologues  of 
COMC-6  (Scheme  3)  have  also  been  shown  to  undergo 
conjugate  additions  with  GSH  that  involve  intermediate 
exocyclic  enones.18 


Scheme  3 
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Figure  2.  Growth  inhibition  of  B16  cells  in  the  presence  of 
COMC-5,  COMC-6  and  COMC-7.  Conditions/methods  as  in  Fig.  1. 
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COMC-5  COMC-7 


Therefore,  these  species  should  also  exhibit  antitumor 
activity.  Indeed,  all  three  COMCs  are  toxic  to  BI6  murine 
melanoma  in  vitro ,  with  IC^  values  indicating  an  increase  in 
potency  with  increasing  ring  size.  Fig  2.  The  similar  shapes 
and  parallel  shift  of  the  cytotoxicity  curves  suggest  a  similar 
mechanism  of  cytotoxicity  for  each  compound  The  IC50 
values  indicate  an  increase  in  potency  with  increasing  ring 
size. 

The  cytotoxicity  of  COMC-6  was  also  examined  in 
HT29(wt)  human  colon  adenocarcinoma  versus  HT29 
(MDR)  cells  that  over  express  p-glycoprotein.  This 
experiment  was  prompted  by  a  previous  observation  that 
COTC  displays  enhanced  toxicity  against  certain  types  of 
drug-resistant  neoplastic  cells  versus  wild  type  cells.19  In  the 
present  study,  the  IC50  value  for  HT29  (wt)  cells  was  0.80 
pM  while  that  for  HT29  (MDR)  was  1.8  pM,  a  change  of 
only  2-fold,  Fig.  3. 


Figure.  3.  Growth  inhibition  of  HT29  (wt)  versus  HT29  (MDR) 
cells  in  the  presence  of  COMC-6.  Conditions/methods  as  in  Fig.  1 . 


By  comparison,  a  17-fold  difference  in  cytotoxicity  of 
vincristine  against  these  cell  lines  was  noted  in  this 
laboratory:  HT29  (wt),  IC*,  -  0.001  pM  (%CV  =  .01);  HT29 
(MDR),  IC50  -  0.017  pM  (%CV  =  17). 

The  central  outcome  of  this  work  is  that  die  GSH 
conjugate  of  COMC-6  (GSMC-6)  can  not  be  responsible  for 
the  antitumor  activity  of  COMC-6,  contrary  to  previous 
suggestions.  The  accumulation  studies  show  the  transient 
appearance  (<30  min)  of  GSMC-6  in  B-16  cells  incubated  in 
die  presence  of  either  COMC-6  or  GSMC-6(Et)2-  The  short 
life  time  of  GSMC-6  inside  B-16  cells  is  rather  surprising, 
given  that  GSMC-6  is  stable  in  aqueous  solution  for  hours. 
One  reasonable  possibility  is  that  GSMC-6  is  reacting  with 
nucleophilic  species  in  die  cytosol  of  the  cell  that  are  not 
critical  for  cell  survival,  as  GSMC-6  is  itself  a  Michael 
acceptor.  The  much  greater  toxicity  of  COMC-6  versus 
GSMC-6(Et)2  is  consistent  with  our  previously  proposed 
hypothesis  that  the  exocyclic  enone,  formed  as  an 
intermediate  during  the  conjugation  reaction  between  GSH 
and  the  COMC-6,  accounts  for  the  difference  in  tumoricidal 
activities.20  The  cytotoxicity  of  COMC-5  and  COMC-7  can 
be  explained  on  the  same  basis. 


The  mechanism  of  cytotoxicity  is  not  clear,  but  probably 
involves  alkylation  of  protein(s)  and/or  nucleic  acid(s)  critical 
to  cell  function.  The  cytotoxic  species  also  appears  to  be  a 
poor  substrate  for  the  MDR-assoriated  p-gly  coprotein,  given 
the  similar  IC50  values  of  COMC-6  with  HT29  (wt)  versus 
HT29  (MDR).  This  finding  might  best  be  rationalized  by  die 
feet  that  die  glutathionylated  exocyclic  enone  is  multiply 
charged,  and  that  p-gly  coprotein  most  readily  transports 
uncharged,  hydrophobic  antitumor  agents.21  This  hypothesis 
might  help  to  explain  a  previous  observation  that  adriamycin-, 
aclarubicin-,  and  bleomycin-resistant  sublines  of  murine 
lymphoblastoma  L5178Y  cells  are  no  less  sensitive  to  COTC 
than  die  parental  cell  line.19  The  possibility  that  GST  plays  a 
role  in  the  antitumor  activities  of  COMC  derivatives  is 
currently  under  investigation  in  our  laboratories. 
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Abstract  The  antitumor  endocyclic  enones  2-crotonyloxymethyl-2-cyclopentenone  (COMC-5),  2- 
crotonyloxy-methyl-2-cyclohexenone  (COMC-6)  and  2-crotonyloxymethyl-2-cycloheptenone  (COMC- 
7)  have  been  synthesized  and  evaluated  as  substrates  for  several  different  isozymes  of  glutathione 
transferase  (GST).  Steady  state  kinetic  measurements  and  intermediate  trapping  studies  show  that  the 
hGSTPl-1  isoform  catalyzes  an  SN2’  addition-elimination  reaction  to  give  highly  reactive  3-glutathionyl 
2-methylene  cycloalkanones.  These  then  dissociate  from  the  active  site  and  react  with  GSH  in  bulk 
solvent  to  give  the  final  2-glutathionylmethylcyclo-2-alkenones.  Molecular  docking  studies  using  the  X- 
ray  structure  of  the  human  Pl-1  isozyme  suggest  that  Tyr  108  functions  as  a  general  acid  catalyst  by  H- 
bonding  with  the  carbonyl  oxygen  of  bound  endocyclic  enone  during  the  anti-addition  of  GSH.  The 
steady-state  kinetic  constants  for  COMC-6  with  hGST  Pl-1,  Al-1,  A4-4  and  M2-2  are  in  the  ranges:  K,,, 
=  0.08-0.34  raM,  1^=  1.5 -6.1  s'1.  No  activity  was  detected  with  the  rGST  T2-2  isozyme.  The  kinetic 
constants  for  COMC-5  and  COMC-7  with  hGST  Pl-1  are  similar  in  magnitude  to  those  of  COMC-6. 
These  observations  are  consistent  with  the  hypothesis  that  the  antitumor  activities  of  the  COMC 
derivatives  could  be  influenced  by  intracellular  GST  activity. 


KEYWORDS:  glutathione  transferases,  2-crotonyloxymethyl-2-cycloalkenones,  substrate  specificity, 
reaction  mechanism,  antitumor  activity. 


*  The  naturally  occurring  Streptomyces  metabolite  2-crotonyloxymethyl-(4R,5R,6R)-456- 
trihydroxy-2-cyclohexenone  (COTC)  and  its  synthetic  analog  2-crotonyloxymethyl-2-cyclohexenone 
(COMC-6)  are  known  to  be  potent  antitumor  agents  for  both  murine  and  human  tumors  in  culture  and 
in  tumor-bearing  mice.1'3  As  such,  these  compounds  have  attracted  considerable  interest  as  synthetic 
targets4^  Early  investigator  proposedrthatantitumioractivity  might  arise  from  competitive  inhibition  of 
the  methylglyoxal  detoxifying  enzyme  glyoxalase  1  by  the  covalent  adducts  arising  from  the  8^2 
displacement  of  erotonate  by  intracellular  glutathione  (GSH),  Scheme  l.1  However  this  hypothesis  was 
never  explicitly  tested. 

Scheme  1 


COMC-6  GSMC-6 


The  subsequent  development  of  efficient  synthetic  routes  to  COMC-6  and  its  derivatives  allowed  a 
careful  experimental  examination  of  this  hypothesis.9 10  Surprisingly,  the  GSH  adducts  of  COTC  and 
COMC-6  were  found  to  be  poor  competitive  inhibitors  of  human  erythrocyte  glyoxalase  I,  and  GSMC-6 
did  not  exhibit  significant  toxicity  toward  melanotic  melanoma  in  tissue  culture  when  delivered  into 
cells  as  the  diethyl  ester  prodrug.11  Therefore,  contrary  to  the  above  hypothesis,  antitumor  activity  is 
unlikely  to  arise  from  inhibition  of  glyoxalase  1. 

Recently,  an  alternative  hypothesis  for  antitumor  activity  was  advanced,  on  the  basis  of  the 
discovery  that  human  placental  glutathione  transferase  (GST)  catalyzes  the  conjugation  reaction  shown 
in  Scheme  l.10  Kinetic  studies  and  intermediate  trapping  experiments  showed  that  this  was  a  multistep 
process  first  involving  enzyme-catalyzed  addition  of  GSH  to  COMC-6  to  give  a  highly  reactive 
exocyclic  enone  product,  which  subsequently  reacts  with  GSH  in  bulk  solvent  to  give  GSMC-6, 


Scheme  2. 


Scheme  2. 


COMC-6  exocyclic  enone  GSMC-6 

This  addition-elimination  mechanism  is  in  sharp  contrast  to  the  previously  proposed  S„2  displacement 
mechanism  and  has  important  implications  with  respect  to  the  antitumor  properties  of  COMC-«  and  its 
derivatives.  In  principle,  hGSTPl-1  might  play  a  key  role  in  the  antitumor  activrty  of  these  compounds 
by  promoting  the  formation  of  the  corresponding  exocyclic  enones,  which  could  react  with  proteins 
and/or  nucleic  acids  critical  to  cell  function.  Indeed,  this  hypothesis  is  supported  by  mass  spectral 
studies  indicating  that  COMC-«  alkylates  model  oligonucleotides  in  the  presence  of  GSH  vta  a 
mechanism  in  which  the  exocyclic  enone  is  probably  the  alkylating  species.12 

As  part  of  a  program  aimed  at  using  GST  to  generate  antitumor  agents  inside  cancer  cells,  we  first 
describe  the  isozyme  specificities  and  mechanistic  features  of  the  GST-catalyzed  conjugation  of  GSH 
with  COMC-6.  The  glutathione  transferases  (GST’s)  are  a  ubiquitous  superfamily  of  enzymes  that 
normally  function  to  detoxify  electrophilic  xenobiotics  by  catalyzing  their  conjugation  to  glutathione 
(GSH).13  Eight  different  classes  of  GST  with  a  range  of  different  substrate  specificities  have  so  far  been 
identified:  alpha  (A ),pi  (P),  mu  (M),  kappa  (K),  ,/gma  (S),  theta  (T),  delta  (D)  mdzeta  (Z).  The  alpha, 
pi,  and  mu  GSTs  are  of  particular  interest  from  a  cancer  control  perspective,  as  they  are  often  over- 
expressed  in  the  multi-drug  resistance  (MDR)  tumor  cells  allowing  them  to  rapidly  detoxifying 
anticancer  agents.14  Therefore,  a  knowledge  of  the  isozyme  specificity  for  COMC  derivatives  could 
serve  as  a  basis  for  selectively  targeting  tumor  cells.  Active  site  residues  that  might  be  involved  in 
catalyzing  the  conjugal  between  COMC^6  and  GSH  have  been  identified,  on  the  basis  of 

molecular  docking  studies.  Also  described  is  the  synthesis  and  kinetic  evaluation  of  the  five-  and  seven- 
membered  ring  homologues  of  COMC-6  as  substrates  forp/GST. 


MATERIALS  AND  METHODS 


Enzymes.  Human  placental  GSH  transferase,  which  is  primarily  the  Pl-1  isozyme,  was  purchased 
from  Sigma  Chemical  Co.  and  salts  and  free  GSH  were  removed  by  ultrafiltration.  The  expression, 
isolation  and  purification  of  the  other  recombinant  isozymes  of  GST  used  in  this  study  have  been 
described  previously:  hGST  Al-1  l5;  hGSTA4-4  16;  hGSTPl-1 l7;  hGSTM2-2  l8;  rGSTT2-2.19 

Synthetic  procedures.  The  synthesis  of  the  2-crotonyloxymethyl-2-cycloalkenones  lc  -  3c  from  the 
2-cycloalkenones  la  -  3a  utilized  the  known  Baylis-Hillman  reaction  of  commercially  available  2- 
cycloalkenones  with  formaldehyde  to  prepare  the  2-hydroxymethyl-2-cycloalkenone  lb  -  3b,20  which 
were  then  treated  with  crotonic  anhydride  to  give  lc  -  3c  (Scheme  2). 


Scheme  2.  Synthetic  route  to  C.OMC  derivatives  (la-Sa)  and  their  GSH  adducts  (Jc-3c) 


la,  n=  1 
2a,n  =  2 
3a,  n  =  3 


a 

- ► 


lb,  n  =  1 

lc,n=l  (COMC-5) 

Id,  n  =  1  (GSMC-5) 

2b,  n  =  2 

2c,  n  =  2  (COMC-6) 

2d,  n  =  2  (GSMC-6) 

3b,  n  =  3 

3c,  n  =  3  (COMC-7) 

3d,  n=  3  (GSMC-7) 

(a)  DMAP,  CHff),  THF,  rt;  (b)  crotonic  anhydride,  pyridine,  DMAP,  rt;  (c)  GSH,  phosphate 
buffer  (pH  7.5),  10  min. 


The  GSH  conjugates  Id  -  3d  (GSMC-5  -  GSMC-7)  were  prepared  from  lc  -  3c  (COMC-5  -  COMC-7) 
by  incubation  in  the  presence  of  GSH  in  buffered  solution.9  The  NMR  spectra  of  lc  —  3c  featured  the 
expected  glutathionyl  resonances21  and  the  characteristic  downfield  resonance  (5  7.12,  triplet) 
characteristic  of  H-3  in  J3,y-unsubstituted  2-cycloalkenones. 


'  2-Crotonyloxymethyl-2-cyclopentenone  (COMC-5,  2a).  300  MHz  lH  NMR  (CDCI3,  TMS):  8  1.89 
(dd,  J=  1 .5, 7.0  Hz,  3H),  8  2.46  (m,  2H),  8  2.64  (m,  2H),  8  4.83  (d,  J  =  1 .5  Hz,  2H),  8  5.88  (dq,  J=  1 .5, 
15.5  Hz,  1H),  8  7.02  (dq,  J=  7.0, 15.5  Hz,  1H),  8  7.58  (m,  1H). 

2-C.rotonyloxymethyl-2-cycloheptenone  (COMC-7, 3a).  300  MHz  *H  NMR  (CDCI3,  TMS):  8  1.7j- 
1.88  (m,  4H),  8  1.87  (dd,  J=  1.8, 7.0  Hz,  3H),  8  2.46  (m,  2H),  8  2.64  (m,  2H),  8  4.81  (d,  J  =  1.1  Hz,  2H), 

8  5.85  (dq,  J=  1.8, 15.5  Hz,  1H),  8  6.79  (m,  1H),  8  6.98  (dq,  J=  7.0, 15.5  Hz,  1H). 

2-Glvtathionyl-2-cyclopentenone  (2c).  300  MHz  lHNMR  (D2O,  HOD  ref):  8  2.14  (m,  Glu-CpH2), 

8  2.45-2.53  (m,  Glu-C^H,,  ring  CH2),  8  2.66  (m,  ring  CH2),  8  2.78  (q,  J  =  8.4, 13.9  Hz,  Cys-CpHb),  8 
2.96  (q,  J  =  4.8,  13.9  Hz,  Cys-CpH,),  8  3.33  (s,  CH2),  8  3.80  (t,  J  =  6.4  Hz,  Glu-Ca  H),  8  3.95  (s,  Gly-Ca 
H2),  8  4.52  (q,  J  =  4.8,  8.4  Hz,  Cys-Ca  H),  8  6.92  (m,  vinyl  H). 

2-Glutathionyl-2-cycloheptenone  (3c).  300  MHz  ‘HNMR  (D20,  HOD  ref):  8  1.68-1.76  (m,  ring 
2xCH2),  8  2.17  (m,  Glu-CpH2),  8  2.43-2.56  (m,  Glu-C,H2,  ring  CH2),  8  2.60  (m,  ring  CH2),  8  2.77  (q,  J 
=  8.8, 13.9  Hz,  Cys-CpHb),  8  2.96  (q,  J  =  5.1, 13.9  Hz,  Cys-CpHa),  8  3.35  (s,  CH2),  8  3.90  (t,  J  =  6.2  Hz, 
Glu-Ca  H),  8  3.97  (s,  Gly-Ca  H2),  8  4.52  (q,  J  =  4.8, 8.4  Hz,  Cys-Ca  H),  8  7.80  (t,  J  =  6.3  Hz,  vinyl  H). 

Kinetic  measurements.  The  kinetic  constants  associated  with  the  GST-catalyzed  conjugation  of 
GSH  with  la-3a  were  obtained  from  reciprocal  plots  of  initial  rates  (AOD235/min),  versus  [substrate], 
pH  6.5,  [GSH]  =  1  mM  (25°C),  under  conditions  where  the  enzyme-catalyzed  step  is  rate  limiting 
(<  0.08  units  GST  in  the  assay  cuvette).  Kinetic  constants  were  obtained  by  curve-fitting  the  kinetic  data 
with  the  software  program  Graphpad  Prism. 

Molecular  docking.  The  structures  of  ethacrynic  acid  (EA),  the  GS-EA  adduct,  COMC-6  (la),  and 
the  GS-1  a  adduct  were  minimized  using  MM3  or  AMBER  force  field  in  MacroModel  7.1.  HF/6-3 1 G 
charges  were  assigned  to  atoms  of  all  the  structures  for  AutoDock  calculations.  The  .X-ray  crystal 
structures  of  hGSTPl-1  in  complex  with  EA  or  with  GS-EA  (PDB  code:  2GSS  and  3GSS,  respectively) 
were  used  in  docking  simulations  after  removing  all  crystallographic  water  molecules  and  EA  or  GS-EA 
from  the  active  sites.  The  Lamarckian  genetic  algorithm23  was  used  in  all  the  AutoDock  calculations. 
One  hundred  twenty  simulations  were  performed  for  each  system.  Each  simulation  was  composed  of  a 
mairimmn  of  500,000  energy  evaluations  and  a  maximum  of  50,000  generations.  Both  rigid  docking 


.  (deleting  all  rotatable  torsion  angles)  and  flexible  docking  (allowing  all  rotatable  torsion  angles)  were 
applied 

RESULTS  AND  DISCUSSION 

Substrate  specificity  for  different  classes  of  GST.  Previously  we  showed  that  commercially 
available  human  placental  GST,  composed  primarily  of  two  pi  enzyme  variants  with  valine  or 
isoleucine  at  position  104,24  catalyzes  the  conversion  of  COMC-6  to  GSMC-6,  Scheme  l.10  Under 
conditions  where  the  enzyme-catalyzed  step  is  completely  rate  limiting  (<  0.08  units  GST,  with  CDNB), 
=  1.2  ±  0.2  s'1,  K,„  =  0.052  ±  0.01  mM,  GSH  (1  mM),  pH  6.5, 25°C.  This  is  comparable  to  the 
activity  of  the  enzyme  with  ethacrynic  acid  under  the  same  assay  conditions  ( — 1.0  ±  0.03  s *,  Km  — 
0.034  ±  0.007  mM),  suggesting  that  the  two  substrates  are  processed  by  the  enzyme  in  the  same  way. 

The  kinetic  properties  of  COMC-6  with  recombinant  enzymes  of  the  alpha,  pi,  mu  and  theta 
classes  were  also  evaluated.  Table  1. 

Tablel.  Steady-state  Kinetic  Constants  for  COMC-6  with  Different  Classes  of  Glutathione 

Transferase  (GST).a 


Isoform 

kcat  (S'J) 

Kfn  (mM) 

WK^inM1^) 

[COMC-6]  range 
(mM) 

hGSTAl-l 

1.5  ±0.2 

(0.04)b 

0.13  ±0.03 

12  ±2 

0.025  -  0.280 

hGSTA4-4 

C 

(1.2)b 

C 

46  ±  6 

0.013-0.280 

hGSTPl-l(V105) 

2.3  ±0.2 

(0.5)b 

0.08  ±0.01 

30  ±  3 

0.013-0.150 

hGSTM2-2 

6.1  ±0.8 

(0.09)b 

0.34  ±0.07 

18±  1.3 

0.013-0.280 

rGSTT2-2 

ND 

(0.1 8)b 

ND 

ND 

0.1 

9 


’  a  Conditions:  GSH  (1  mM),  sodium  phosphate  (100  mM,  pH  6.6),  30°C ,  As235  -  -2400  M1  cm  \ 
b  k^t  values  for  ethacrynic  acid  (EA)  estimated  from  published  specific  activities  and  subunit 

molecular  weights.2 
c  saturation  not  achieved. 

ND,  no  detectable  activity;  i.e.,  <  0.05  pmol  min'1  mg1  at  100  mM  COMC-6. 

All  of  these  enzyme  forms  catalyze  the  conjugation  of  GSH  to  the  exocyclic  enone  ethacrynic  acid.  The 
endocyclic  enone  COMC-6  also  shows  significant  activity  with  the  alpha,  pi,  mu  enzyme  classes  with 
kinetic  constants  that  are  within  a  factor  of  five  of  one  another.  This  probably  reflects  underlying 
similarities  in  the  chemical  mechanisms  for  the  catalyzing  conjugation  of  GSH  with  the  enones.  Crystal 
structure  and  site-directed  mutagenesis  studies  show  that  hGSTPl-1,  hGSTM2-2,  and  hGSTAl-1,  have 
a  conserved  Tyr  residue  near  the  sulfur  atom  of  bound  GSH,  which  could  stabilize  the  anion  form  of  the 
glutathionyl  sulfur  (via  H-bonding),  thus,  promoting  nucleophilic  addition  to  bound  enones.  A 

different  active  site  Tyr  residue  has  been  implicated  to  play  an  electrophilic  role  in  catalysis  by 
hGSTPl-1  (Y106)  and  hGSTM2-2  (Y1 15)  with  some  substrates.  Structural  studies  indicate  that  Y1 15  is 
well  positioned  to  catalyze  ring  opening  of  bound  phenanthrene  9,10  dioxide  by  H-bonding  with  the 
epoxide  ring  oxygen.  In  analogy,  catalysis  of  the  conjugation  reaction  between  COMC-6  and  GSH  could 
involve  H-bonding  between  the  active  site  Tyr  residues  and  the  carbonyl  oxygen  of  bound  COMC-6. 

In  the  case  of  hGSTA4-4,  the  crystal  structure  of  the  enzyme  in  complex  with  S-(2-iodobenzyl)- 
glutathione  suggests  that  Tyr212  could  function  in  an  electrophilic  capacity  during  catalysis.23,26  The 
enzyme  is  known  to  efficiently  catalyze  the  Michael  addition  of  GSH  to  2-nonenal,  and  Tyr212  is  well 
positioned  to  function  as  a  general  acid  catalyst  by  interacting  with  the  aldehydic  oxygen.27  Moreover, 
mutation  of  Tyr212  to  Phe,  Ser  or  Ala  decreases  the  specific  activity  of  the  enzyme  by  about  20-fold. 
The  hGSTA4-4  isozyme  also  catalyzes  the  addition  of  GSH  to  ethacrynic  acid,  a  process  that  is 
dependent  upon  Tyr212.  Therefore,  it  seems  reasonable  that  COMC-6  is  processed  by  a  similar  reaction 
mechanism.  With  respect  to  the  hGSTAl-1  isozyme,  a  serine  residue  in  the  active  site  is  in  a  position 


analogous  to  that  of  Tyr212  in  the  hGSTA4-4  isozyme.  Presumably,  this  residue  function  as  a  general 
acid/base  catalyst  during  the  processing  of  COMC-6.  It  is  not  clear  why  COMC-6  is  inactive  with 
rGSTTl-1  while  ethacrynic  acid  displays  significant  activity  with  the  enzyme.  Table  1. 

Molecular  docking  studies.  Docking  of  COMC-6  into  the  X-ray  structure  of  hGSTPl-l  was 
undertaken  in  order  to  determine  whether  Y106  is  a  reasonable  candidate  to  play  an  electrophilic  role  in 
catalysis  during  the  conjugation  of  GSH  to  COMC-6.  The  hGSTPl-l  enzyme  was  selected  for  study 
because  a  high-resolution  X-ray  structure  of  the  enzyme  in  complex  with  EA  is  available  and  the  kinetic 
constants  of  the  enzyme  with  COMC-6  and  EA  are  similar  in  magnitude.  Table  1. 

In  order  to  test  the  reliability  of  the  AutoDock  program,  EA  and  the  GSH  adduct  GS-EA  were 
docked  back  into  the  binding  pockets  observed  in  the  X-ray  crystal  structures  (PDB  codes:  2GSS  and 
3GSS,  respectively).  While  rigid  docking  did  not  reproduce  the  binding  mode  of  EA  in  2GSS,  the 
binding  mode  of  the  GS-EA  conjugate  in  3GSS  is  well  reproduced.  Fig.  1.  This  is  probably  bee  ause  the 
bulky  GS-EA  has  only  one  favorable  conformation  which  docks  into  the  active  site.  EA  was  also  docked 
into  the  GSH-3GSS  complex.  However,  neither  rigid  nor  flexible  docking  could  reproduce  the 
orientation  of  EA  observed  in  the  crystal  structure  of  the  GS-EA-3GSS  complex.  Water  molecules  in 
the  binding  pockets  appear  to  play  a  very  important  role  in  the  orientation  of  bound  EA  in  the  active 
site.  The  most  likely  explanation  for  the  failure  to  replicate  the  orientation  of  EA  observed  in  the  X-ray 
structure  is  that  the  docking  studies  were  performed  with  the  active  water  molecules  retained  in  the 
binding  pockets.  According  to  Parker  and  coworkers,  there  are  seven  and  three  water  molecules  inside 
the  binding  pockets  of  the  EA-2GSS  and  GS-EA-3GSS  complexes,  respectively.28  During  docking,  there 
is  significant  overlap  between  these  water  molecules  and  EA  which  could  result  in  binding  modes  not 
observed  in  the  X-  ray  structure.  Nevertheless,  AutoDock  should  reliably  reproduce  the  binding  modes 
of  GSH  conjugates  in  the  active  site. 


in 


Figure  1 .  Comparison  of  the  structure  of  GS-EA  derived from  (a)  the  published  X-ray  structure 
ofGS-EA  in  complex  with  3GSS  and  (b)  docking  of  GS-EA  into  the  active  site  of  3GSS. 

Not  surprisingly,  docking  of  COMC-6  into  the  binding  pocket  of  GS-3GSS  did  not  provide  reliable 
information  about  the  probable  mechanism  of  the  proposed  Michael  addition  reaction,  as  COMC-6 
docks  at  a  position  distant  from  thiol  anion  of  bound  GS~.  However,  useful  information  was  obtained 
from  docking  studies  with  the  two  diastereomeric  enolates,  which  result  from  addition  of  GSH  to  the 
2si-3re  face  or  to  the  2re-3si  face  of  COMC-6,  Chart 


Glutathione 


The  diastereomers  were  first  constructed  in  Macromodel  7. 1  and  then  docked  into  3GSS.  The  structure 
of  the  glutathionyl  function  was  taken  from  the  crystal  structure  and  kept  rigid  during  docking,  as  GSH 
has  about  the  same  conformation  bound  to  different  pi  class  transferases.25  Therefore,  only  three 
rotatable  bonds  were  allowed  to  change:  one  between  the  crotonate  ether  oxygen  and  the  neighboring 
methylene  C,  one  between  the  methylene  C  and  the  adjacent  ring  C,  and  the  one  between  the 
glutathionyl  S  and  the  adjacent  ring  C.  The  results  are  shown  in  Fig.  2  and  agree  best  with  an  anti- 

1 1 


I 

.addition-elimination  mechanism  involving  the  formation  of  the  3-(R)  enolate,  given  that  this  structure  is 
about  1  Kcal  more  stable  than  that  of  the  bound  3-(S)  diastereomer. 


Figure.  2.  Lowest-energy  binding  modes  of  the  (a)  3-R  and  (b)  3-S  diastereomers  of  the  enolates 
shown  in  Chart  2  bound  to  the  active  sites  of  3GSS. 

Kinetic  studies.  Previously,  we  suggested  that  the  known  antitumor  activity  of  COMC-6  could  be 
due  to  a  reactive  exocyclic  enone  formed  during  the  conjugation  reaction  with  COMC-6,  Scheme  1. 
Recently,  we  observed  that  not  only  COMC-6,  but  also  the  five  and  seven  membered  ring  homologues 
COMC-5  and  COMC-7  are  toxic  to  B-16  melanotic  melanoma  in  vitro  with  IC50  values  of  0. 14, 0.041 
and  0.029  gM,  respectively. 1 1  In  order  to  test  whether  the  anti-tumor  activities  of  COMC-5  and  COMC- 
7  could  be  explained  on  the  basis  of  the  formation  of  a  reactive  exocyclic  enone,  the  kinetic  properties 
of  these  compounds  with  hGSTPl-1  were  determined. 

The  following  observations  support  the  formation  of  an  exocyclic  enone  during  the  conjugation  of 
COMC-6  with  GSH:  In  the  absence  of  hGST,  the  reaction  of  excess  GSH  with  COMC-6  follows  a 
simple  first  order  decay,  showing  no  evidence  of  an  intermediate  species.  Fig  3  A.  However  in  the 
presence  of  hGSTPl-1,  the  reaction  rate  profile  conforms  to  a  double  exponential  decay,  Fig.3B.  The 
magnitude  of  the  rate  constant  associated  with  the  initial  downward  phase,  after  subtracting  the  rate 
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Figure  3.  Rate  profile  for  the  reaction  of  (A)  COMC6  (0.05  mM)  with  GSH  (1.05  mM),and  (B) 
COMC6  (0.05  mM)  with  GSH  (1.03  mM)  in  the  presence  of  GST  (2.4  CDNB  units).  Rate 
constants  were  obtained  as  best-fit  values  to  the  equation  OD235  =  OD235(t=inf.)  +  a(exp(-k]’t))  + 
b(exp(k2’t)).  The  insert  in  panel  B  shows  the  exponential  rise  in  OD235  due  to  the  reaction  of 


the  isolated  exocyclic  enone  with  GSH  (1.03  mM).  Conditions :  Potassium  phosphate  buffer 
(0.1  M,  pH  6.5),  EDTA  (0.05  mM),  1%  ethanol,  25°C. 

constant  for  the  nonenzymic  addition  of  GSH  with  COMC-6,  is  linearly  dependent  on  the  concentration 
of  hGSTPl-1  in  the  range  0  to  2.4  (CDNB)  units  of  enzyme  activity.  The  magnitude  of  the  rate  constant 
associated  with  the  second,  upward  phase  of  the  reaction  is  enzyme  independent  These  observations  are 
consistent  with  enzyme-catalyzed  formation  of  a  reactive  species  that  subsequently  dissociates  from  the 
enzyme  and  reacts  with  GSH  in  bulk  solvent  to  give  GSMC-6. 

This  intermediate  species  was  isolated  by  incubating  COMC-6,  GSH  and  hGSTPl-1  under  the 
conditions  described  in  Fig.  3  for  about  1  min  and  resolving  the  reaction  mixture  by  reverse-phase 
HPLC  using  a  Water’s  pBondapak  C„  column  (7.8  mm  i.d.  x  30  cmJOpm;  running  solvent,  ?  % 
methanol  in  water).  The  retention  time  of  the  transient  species  (^TMnin)^  close  to  that  of  GSMC-6 
(???  min).  The  lH  NMR  spectrum  showed  the  characteristic  vinyl  protons  expected  of  an  exocyclic 
enone,  as  well  as  the  resonances  expected  of  a  glutathione  moiety.21  Incubation  of  the  putative 
exocyclic  enone  with  GSH  gives  a  species  that  comigrates  with  authentic  GSMC-6  by  HPLC.  Moreover, 
the  spectrophotometrically  determined  pseudo  first-order  rate  constant  for  reaction  of  the  exocyclic 
enone  with  GSH  is  similar  in  magnitude  to  the  second  phase  of  the  reaction  of  COMC-6  with  GSH  m 
the  presence  of  hGSTPl-l,  Fig  3B  (inset).  The  absorptivity  of  the  exocyclic  enone  (e  =  4300  cm1  M1) 
is  significantly  less  than  that  of  GSMC-6  (e  =  7500  cm1  M1),  which  accounts  for  the  overall  shape  of 
the  reaction  rate  profile  in  the  presence  of  transferase. 

The  ring-expanded  COMC-7  displays  more  complex  kinetic  behavior.  In  the  absence  of 
hGSTPl-1,  the  reaction  of  COMC-7  with  excess  GSH  in  aqueous  buffer  is  best  fit  using  a  two-phase 
exponential  decay,  implying  at  least  two  sequential  reactions.  Fig  4A.  Indeed,  if  the  reaction  is  followed 
by  using  reverse-phase  HPLC,  wherein  aliquots  are  removed  from  the  reaction  mixture  as  a  function  of 
time  and  resolved  on  a  Water’s  pBondapak  Ci8  column  (7.8  mm  i.d.  x  30  cm,  10  pm;  running  solvent,  ? 
%  methanol  in  water),  the  peak  corresponding  to  COMC-7  (???min)  is  rapidly  transformed  into  a  peak 


Figure  4.  Rate  profiles  for  the  reaction  of  (A)  COMC-7  (0.05  mM)  with  GSH  (1.05  mM), 
and  (B)  COMC-7  (0.05  mM)  with  GSH  (1.05  mM)  in  the  presence  of  GST  (1 CDNB  unit). 
For  (A)  rate  constants  were  obtained  as  best-fit  values  to  die  equation  OD235  =  OD235<t=mf.) 
+  a(exp(-kit»  +  tyexpfet)).  For  (B),  rate  constants  were  obtained  as  best-fit  values  to  the 
equation  OD235  =  OD235(,=inf)+  a(exp(-k1,t))  +  b(exp(k2’t»  +  c(exp  (-k3’t)).  The  inset  in 
panel  B  shows  the  exponential  rise  in  OD235  due  to  the  reaction  of  the  isolated  exocyclic 


enone  with  GSH  (1.05  mM).  Conditions :  Potassium  phosphate  buffer  (0.1  M,  pH  6.5), 


EDTA  (0.05  mM),  1%  ethanol,  25°C. 


which  co  migrates  with  GSMC-7  (21  min).  After  extended  incubation  ( >  1300  min),  the  GSMC-7  peak 
is  converted  into  four  different  peaks  with  retention  times  ^f?^ain(???pmin,  ^???iin,(^?fmin.  The 
FAB  mass  spectra  of  the  species  associated  with  each  peak  gave  identical  molecular  ions  (M  +  H  - 
??i  consistent  with  the  following  structure: 


(GS)2MC-7 

The  H1  NMR  spectrum  of  the  species  corresponding  to  the  major  peak  ^t????^in.  shows  the 
characterise  resonances  of  the  glutathionyl  and  cyclohexanone  functions.  Therefore,  the  final  product 
species  isolated  by  HPLC  are  likely  the  diastereomers  of  the  diglutathione  adduct  (GS)2MC-7,  which 
differ  from  one  another  with  respect  to  the  configurations  at  C2  and  C3. 

In  the  presence  of  hGSTPl-1,  the  kinetic  data  could  be  fit  to  a  triple  exponential  function.  Fig. 

4B.  The  magnitude  of  the  observed  rate  constant  (kt’[GSH])  associated  with  the  initial,  rapid  phase 
(after  substracting  the  rate  constant  ki[GSHj  for  the  nonenzymic  reaction)  is  linearly  dependent  on 
enzyme  concentration  from  0-1.0  CDNB  units  of  hGSTPl-1.  The  rate  constant  k2’  appears  to  be 
associated  with  the  conversion  of  the  exocyclic  enone  to  GSMC-7.  Brief  incubation  of  COMC-7,  GSH 
and  hGSTPl-1  gives  rise  to  a  transient  species  that  was  isolated  by  reverse-phase  HPLC,  under  the 
conditions  described  above,  with  a  retention  time  (26  min)  close  to  that  of  GSMC-7  (21  min).  ’H  NMR 
spectroscopy  confirmed  the  identity  of  the  exocyclic  enone.  Incubation  of  the  exocyclic  enone  in  the 
presence  of  GSH  in  buffered  solution  gives  a  species  that  comigrates  with  authentic  GSMC-7  by  HPLC. 
Moreover,  the  spectrophotometrically  determined  pseudo  first-order  rate  constant  for  reaction  of  the 
exocyclic  enone  with  GSH  is  similar  in  magnitude  to  the  second  phase  of  the  reaction  of  COMC-6  with 


Gsh  in  the  presence  of  hGSTPl-1,  Fig  4B  (inset).  The  slow  decrease  in  absorbancy  with  a  rale  constant 
kj’[GSH]  correspond  closely  to  k, [GSH]  for  conversion  of  GSMC-7  to  the  diglutathione  adduct 

(GS)2MC-7 

The  ring-contracted  compound  COMC-5  displays  kinetic  properties  similar  to  those  of  COMC-6. 

,n  the  absence  of  hGSTPl-1,  the  reaction  of  excess  GSH  with  COMC-6  follows  a  simple  first  order 
decay.  Fig  5A.  However  in  the  presence  of  hGSTPl-1,  the  reaction  rate  profile  conforms  to  a  double 
exponential  decay,  Fig.4B.  As  with  COMC-6,  the  magnitude  of  the  rate  constant  associated  with  the 
initial  downward  phase,  after  subtracting  the  rate  constant  for  the  nonenzymic  addition  of  GSH  with 
COMC-6,  is  linearly  dependent  on  the  concentration  ofhGSTPl-1  in  the  range  0  to  1.0  (CDNB)  units  of 
enzyme  activity.  The  magnitude  of  die  rate  constant  associated  with  the  second,  upward  phase  of  the 
reaction  is  enzyme  independent  These  observations  are  consistent  with  enzyme-catalyzed  formation  of 
an  exocyclic  enone  that  dissociates  from  the  enzyme  and  subsequently  reacts  with  GSH  in  bulk  solvent 
to  give  GSMC-5.  Brief  incubation  of  COMC-5,  GSH  and  hGSTPl-1  gives  rise  to  a  transient  species  that 
was  isolated  by  reverse-phase  HPLC  under  the  condition  described  for  isolating  the  transient  species 
generated  from  COMC-6.  As  in  the  case  of  the  COMC-6  and  COMC-7  reactions,  the  retention  time  of 
this  intermediate  (17.6  min)  derived  from  COMC-5  was  slightly  longer  than  that  of  GSMC-5  (15.8 
min).  Incubation  of  this  species  with  GSH  in  buffered  solution  gives  a  species  that  comigrates  with 
authentic  GSMC-5  by  HPLC.  However,  the  rate  constant  associated  with  this  reaction  in  the  presence  of 
about  ImM  GSH  (Fig.  5,  inset)  is  nearly  30-fold  larger  than  that  associated  with  the  slower,  second 
phase  of  the  reaction  between  COMC-5  and  GSH  in  the  presence  of  hGSTPl-1.  HPLC  analysis  of  the 
reaction  at  long  times  reveals  that  GSMC-5  is  reacting  further  with  GSH  to  give  ??????? 
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OD22s  (0-5  cm  cuvette)  OD225  (0-5  cm  cuvette) 


Figure  5.  Rate  profiles  for  the  reaction  of  (A)  COMC-5  (0.05  mM)  with  GSH  (LOS  mM), 

and  (B)  COMC-5  (0.05  mM)  with  GSH  (LOS  mM)  in  the  presence  of  GST  (1  CDNB 

is 


unit).  Rate  constants  were  obtained  as  best-fit  values  to  the  equation  OD235  =  OD235(t=in£) 

+  a(exp(-k1,t))  +  b(exp(k2’t)).  The  insert  in  panel  B  shows  the  exponential  rise  in  OD225 
due  to  the  reaction  of  the  isolated  exocyclic  enone  with  GSH  (1.05  mM).  Conditions: 
Potassium  phosphate  buffer  (0.1  M,  pH  6.5),  EDTA  (0.05  mM),  1%  ethanol,  25°C. 

SUMMARY  AND  CONCLUSIONS 

The  work  presented  here  supports  the  hypothesis  that  GST  catalyzes  a  Michael  addition  of  GSH  to 
the  endocyclic  enones  COMC-5,  COMC-6  and  COMC-7  to  give  reactive  exocyclic  enones,  which 
subsequently  reacts  with  GSH  in  bulk  solvent  to  give  the  final  GSH  adduct.  This  conclusion  is 
supported  by  the  multiphasic  kinetics  observed  in  the  presence  of  GST,  and  the  actual  isolation  and 
kinetic  characterization  of  the  intermediate  exocyclic  enones. 

Previously,  the  nonenzymic  reaction  of  GSH  with  COMC-6  was  thought  to  involve  a  simple  S^2 
displacement  of  crotonate  by  GSH.3  Indeed,  the  reaction  of  excess  GSH  with  COMC-6  follows  a  simple 
first  order  decay  with  no  evidence  of  an  intermediate  species,  Fig.j.  Conceivably,  the  nonenzymic  and 
GST-catalyzed  reactions  might  proceed  through  different  mechanisms,  wherein  the  former  reaction 
involves  an  SN2  displacement  mechanism  and  the  latter  involves  a  Michael  addition.  However,  this 
seems  less  likely,  in  view  of  recent  mass  spectral  studies  of  the  nonenzymic  reaction  of  excess  COMC-6 
with  GSH12  Using  electrospray  Fourier  transform  mass  spectrometry,  M+H+  ions  were  detected  for  the 
enolate  species  (or  the  corresponding  keto  tautomer)  expected  from  (a)  Michael  addition  of  GSH  to 
COMC-6  (M+H+  502.18)  and  (b)  addition  of  GSH  to  the  putative  exocyclic  enone  intermediate  (M+H+ 
723.23),  Scheme  3. 

Scheme  3 
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An  M+H*  ion  was  also  observed  corresponding  to  that  of  the  exocyclic  enone,  but  this  species  is 
redundant  with  that  of  GSMC-6.  Therefore,  the  simplest  explanation  for  all  of  these  observations  is 
that  the  first-order  kinetics  observed  for  the  reaction  of  excess  GSH  with  COMC-6  in  the  absence  of 
GST  is  due  to  rate-limiting  formation  of  the  exocyclic  enone.  In  the  presence  of  high  concentrations  of 
GST,  the  formation  of  the  intermediate  is  no  longer  completely  rate-limiting  and  complex  multiphasic 
kinetics  are  observed.  Figs  3-4. 

The  mechanism-of-action  of  the  GST-catalyzed  Michael  addition  GSH  to  COMC-6  most  likely 
involves  an  anti-addition-elimination,  in  which  the  hydroxyl  group  of  Tyr  108  plays  an  electrophilic  role 
in  catalysis  by  H-bonding  with  the  carbonyl  oxygen  of  bound  COMC-6.  This  conclusion  is  supported  by 
the  molecular  docking  studies  and  stereochemistry  experiments.  The  fact  that  COMC  is  a  reasonably 
good  substrate  for  the  alpha,  mu  and  pi  classes  of  GST  probably  reflects  a  fundamentally  similar 
catalytic  mechanism  among  these  enzyme  forms  for  this  substrate.  Indeed,  the  placement  of  catalytic 
residues  with  in  their  active  sites  is  similar,  on  the  basis  of  the  X-ray  crystal  structures  of  the  different 
isoforms.  The  fact  that  the  hGSTA4-4  isozyme  has  the  largest  value  of  k^/K^  with  COMC-6  is 
consistent  with  the  proposal  that  this  isoform  has  evolved  to  detoxify  enones  resulting  from  lipid 
peroxidation.27 

What  are  the  long-range  implications  of  this  work?  In  the  past,  a  common  rationale  for  doing 
structure  and  mechanism  studies  on  the  GSTs  has  been  to  provide  a  basis  for  developing  inhibitors  of 
the  GSTs  in  order  to  overcome  multidrug  resistance  in  tumor  cells.  An  altenantive  strategy  is  to  use  the 
transferases  to  manufacture  toxic  molecules  inside  tumor  cells  over-expressing  the  enzyme,  in  order  to 
selectively  inhibit  tumor  cells  versus  normal  cells.  The  only  published  example  of  the  latter  strategy  is 

on 


that  of  Lyttle  and  coworkers,  in  which  they  demonstrated  that  GSTP1-1  catalyzes  the  release  of  toxic 
nitrogen  mustards  from  the  corresponding  GSH  conjugates.29,30  We  now  report  a  second  example  of  this 
general  strategy,  in  which  the  alpha,  pi  and  mu  GSTs  catalyze  the  formation  of  reactive  exocyclic 
enones  from  the  COMC  derivatives  that  could  alkylate  proteins  and  nucleic  acids  critical  to  cell 
function,12  potentially  accounting  for  the  antitumor  activities  of  the  COMC  derivatives.  That  COMC-6 
is  a  good  substrate  for  the  alpha,  pi  and  mu  GSTs  is  important  as  these  are  the  forms  that  are  most  often 
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over  expressed  in  multidrug  resistant  tumor  cells.  ’ 
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